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The three-dimensional integration of microelectronics is a standard that has been actively
pursued by numerous researchers in a variety of technical ways over the years. The primary
aim of three-dimensional integration is to alleviate the well-known issues associated with
device shrinking in conjunction with Moore’s Law.
In this thesis, we utilize laser-based and other melt-mediated crystallization techniques
to create Si thin films that may be of sufficient microstructural quality for use in monolithic
thin-film-based three-dimensional integrated circuits (3D-ICs). Beam-induced solidification
of initially amorphous or polycrystalline Si films has been actively investigated over the
years as an unconventional, yet often-effective, technical means to generate Si films with
suitable microstructures for fabricating high-performance electronic devices. Two specific
melt-mediated methods that are aimed at crystallizing Si thin films for 3D-ICs are presented.
One is referred to as “advanced sequential lateral solidification (SLS)” while the other
is referred to as “advanced mixed-phase solidification (MPS),” and we show that these
approaches can provide a more 3D-IC-optimal microstructure than can be generated using
previous deposition and/or crystallization-based techniques.
Advanced SLS, as presented in this thesis, is a novel implementation of the previously-
developed directional-SLS method, and is specifically aimed at addressing the microstruc-
tural non-uniformity issue that can be encountered in the directional solidification processing
of continuous Si films. Films crystallized via the directional-SLS method, for instance, can
contain physically distinct regions with varying densities of planar defects and/or crystal-
lographic orientations. As a result, transistors fabricated within such films can potentially
exhibit relatively poor device uniformity. To address this issue, we employ advanced SLS
whereby Si films are prepatterned into closely-spaced, long, narrow stripes that are then
crystallized via directional-SLS in the long-axis-direction of the stripe length. By doing so,
one can create microstructurally distinct regions within each stripe, which are then placed
within the active channel region of a device. It is shown that when the stripes are suffi-
ciently narrow (less than 2 µm), a bi-crystal microstructure is observed. This is explained
based on the change in the interface morphology as a consequence of enhanced heat flow
at the edges of the stripe. It is suggested that this bi-crystal formation is beneficial to the
approach, as it increases the effective number of stripes within the active channel region.
One issue of fundamental and technological significance that is nearly always encoun-
tered in laser crystallization is the formation of structural defects, in general, and in par-
ticular, twins. Due to the importance of reducing the density of these defects in order to
increase the performance of transistors, this thesis investigates the formation mechanism of
twins in rapidly laterally solidified Si thin films. These defects have been characterized and
examined in the past, but a physically consistent explanation has not yet been provided. To
address this situation, we have carried out experiments using a particular version of SLS,
namely dot-SLS. This specific technique is chosen because we identify that it is endowed
with a fortuitous combination of experimental factors that enable the systematic examina-
tion of twinning in laterally grown Si thin films. Based on extensive microstructural analysis
of dot-SLS-crystallized regions, we propose that it is the energetics associated with form-
ing a new atomic layer (during growth) in either a twinned or non-twinned configuration
heterogeneously at the oxide/film interface that dictate the formation (or absence) of twins.
The second method presented in this thesis is that of advanced MPS. The basic MPS
approach was originally conceived as a way to generate Si films for solar cells as it is capa-
ble of producing large, intragrain-defect-free regions that are predominantly (100) surface-
textured. However, the location of the grain boundaries of these equiaxed grains is essen-
tially random, and hence, transistors placed within the interior of the grains would exhibit
differing performance compared to those that are place across the grain boundaries. To
address this, advanced MPS is introduced and demonstrated as a means to manipulate
solidification by seeding from {100} surface-oriented regions and to induce limited direc-
tional growth. This is accomplished using a continuous-wave laser with a Gaussian-shaped
beam profile wherein a central, completely molten region is surrounded by a “mixed-phase-
region” undergoing MPS. The technique creates quasi-directional material that consists of
large, elongated, parallel, {100} surface-oriented grains. This material is an improvement
over previously generated directionally solidified materials, and can allow one to build de-
vices without high angle grain boundaries that are within, and oriented perpendicular to,
the active channel. The resulting microstructure is explained in terms of the non-uniform
energy density distribution generated by the Gaussian-shaped laser beam, and the corre-
sponding shape and growth of the solid/liquid interface. Based on the observations and
considerations from these results, we propose and demonstrate a related scheme whereby a
flash-lamp annealing system is utilized in order to induce the advanced MPS condition. This
method can potentially time-efficiently crystallize, and create in the process, well-defined
regions that are microstructurally suitable for the fabrication of 3D-ICs.
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Since the advent of integrated circuits and microelectronics, there have been ever-
increasing demands for greater performance from these devices. Accordingly, over the last
few decades the microelectronics community has continuously provided devices that operate
at higher speeds, lower powers, and with greater functionality. These benefits have been
realized mainly via a continuing reduction in the feature sizes of the elements within the
circuits [1]. While further reduction (and hence, commensurate performance gains) may be
possible, significant technological and physical obstacles need to be overcome in order to
continue the trend of device-shrinking. One way to increase the packing density of transis-
tors further, without reducing the feature size, is to use three-dimensional integration [2].
3D-circuits are expected to offer performance gains and architectural benefits such as par-
allel processing, multifunctional action, higher packing densities, and faster operation [1].
The advantages of 3D-integration can be of benefit to both logic and memory devices. (In
traditional integrated circuits, there is a “3-dimensional” aspect to the transistor in that
there are several layers in the vertical dimension. However, for the purposes of this thesis
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the term “3D-integrated circuit”is defined as any integrated circuit structure that has more
than one active semiconductor layer.) Consequently, those topics that deal with the forma-
tion of functional 3D-integrated circuits (3D-ICs) have been, and continue to be, areas of
active research [3, 4].
While there have been numerous attempts to fabricate 3D-ICs utilizing various schemes,
arguably the most promising approach (i.e., one that permits true monolithic 3D-integration)
is that of layer stacking [1]. In this scheme, devices are made using traditional integrated
circuit (IC) fabrication techniques to form the bottom-most active layer. Subsequently, a
second layer of semiconductor material is deposited and processed, forming the second ac-
tive layer. This “deposition-and-processing” sequence is then repeated and results in a 3D
architecture. Layer stacking is preferred to other 3D-integration techniques as it employs
methods and technologies that are well-established in conjunction with the mass produc-
tion of “traditional” 2D-integrated circuits. Specifically, the deposition of amorphous or
polycrystalline Si thin films can be easily implemented in a manufacturing environment.
However, as-deposited Si thin films tend to be of limited microstructural quality. This lim-
itation, which leads to poor device performance, is one of the most significant problems in
the fabrication of 3D-ICs [5].
Device characteristics are ultimately dictated and limited by the microstructural in-
tegrity of the materials from which they are fabricated. Therefore, in order to fabricate
high-performance 3D-ICs, it is necessary to engineer and optimize the microstructure of
the as-deposited, secondary Si layers. One important requirement of this microstructure
engineering is that the process must not adversely affect the devices or circuits already
existing in the underlying layers. Due to the fundamental nature of most methods used to
induce microstructural transformations, much of the degradation in the lower portions of
the structure occurs as a result of extended exposure to elevated temperatures. In addition
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to these physical constraints, certain production requirements must also be addressed. Any
techniques used to optimize the microstructure of secondary layers must allow for mono-
lithic integration in a high-throughput manufacturing environment [1]. One method that is
commensurate with the above processing restrictions is laser-induced crystallization [6].
Laser-induced melt-mediated crystallization of as-deposited amorphous or polycrys-
talline Si films is an approach for generating crystalline Si films that can permit multiple-
level fabrication of transistors for realizing 3D-ICs [7]. Directional solidification of the films
using continuous-wave (CW) lasers (i.e., zone-melting recrystallization) represents the pri-
mary technical method pursued in the past; unfortunately, the directional solidification
process is prone to introducing various microstructural defects [8, 9]. In this thesis, we
present advanced laser crystallization techniques that may enable, among other things,
the realization of highly functional 3D-ICs by effectively and efficiently providing silicon-
on-insulator-quality (SOI) {100} surface-oriented single-crystal regions in an initially amor-
phous layer. Much of the present work leverages and builds on the advances that were made
in the course of developing pulsed-laser-based crystallization techniques for making high-
performance polycrystalline Si-based thin-film transistors (TFTs) on glass substrates [7].
1.2 Organization of dissertation
This dissertation is organized into six chapters and one appendix.
Chapter 2, “Background and Motivation,” provides an overview of 3D-ICs along with the
microstructural and manufacturing-related requirements for 3D-integration. Discussions of
various crystallization techniques reveal that there are areas in which laser crystallization
can potentially contribute to the proliferation of true monolithic 3D-integration, in addition
to elucidating some of the more fundamental aspects of Si growth.
The remaining portion of the dissertation consists of two major parts consisting of two
1.2. ORGANIZATION OF DISSERTATION 4
chapters each. Part I (Chapters 3 and 4) focuses on advanced excimer laser crystallization
techniques, referred to as “advanced SLS.” Part II (Chapters 5 and 6), investigates new
ways to implement the mixed-phase solidification process (referred to as “advanced MPS”)
in order to obtain microstructurally ideal materials for 3D-ICs.
Chapter 3, “Advanced sequential lateral solidification: SLS of prepatterned films,” de-
scribes a particular laser crystallization scheme (sequential lateral solidification) in further
detail, along with a novel approach involving prepatterning Si thin films in order to further
optimize the resulting microstructure for 3D-ICs.
Chapter 4, “Mechanism of twin formation in excimer-laser-induced lateral solidification
of Si films,” discusses and provides an explanation for a fundamental result from previous
investigations regarding the formation (or absence) of twins in rapidly laterally solidified Si
thin films.
Chapter 5, “Advanced mixed-phase solidification (MPS) of Si thin films,” provides an
overview of the mixed-phase solidification (MPS) process, and describes one particular
compelling CW-laser scanning method that yields Si thin films with a set of desired mi-
crostructural attributes.
Chapter 6, “Advanced MPS of Si films via flash-lamp annealing (FLA),” builds on the
experimental results from Chapter 5 and employs a flash-lamp-based crystallization method
to create regions within continuous Si films that are potentially well-suited for use within a
3D-IC environment. The implications of this method for large-scale manufacturing are also
discussed.
Chapter 7, “Conclusions,” summarizes the findings of this work. Recommendations for
future work are also provided.
A further look into one specific method that is actively being pursued with regards to
making 3D-ICs is contained in one Appendix. While laser crystallization can play a major
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role in enhancing this technique, the material presented is not vital to understanding the
essential concepts presented above.
Appendix A, “Analysis of pulsed-laser-induced melting of high-aspect-ratio Si rods,”
outlines a computer-simulation approach to understanding the important factors in melting
high-aspect ratio Si nanorods. The work presented aims to optimize the implementation of
this specific 3D-IC scheme by utilizing a previously developed three-dimensional numerical
simulation (3DNS) package.
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Chapter 2
Background and Motivation
A brief outline of three-dimensional integrated circuits (3D-ICs) was presented in Chap-
ter 1. This chapter presents a more detailed discussion, with particular emphasis placed
on the fundamental materials-related characteristics that are required to enable the re-
alization of high-performance devices, as well as important manufacturing considerations
regarding successful implementation of 3D-integration. Also given is an overview of previ-
ous 3D-integration techniques. Additionally, briefly reviewed are major laser crystallization
techniques, including those that were developed primarily with 3D-ICs as their motivation.
Finally, we aim to show why the specific beam-induced melt-mediated crystallization tech-
niques presented in this thesis are particularly well-suited for the enabling of 3D-integration.
2.1 Three-dimensional integrated circuits
2.1.1 Motivation for development of 3D-IC technology
The performance gains associated with the reduction in scale of microelectronics devices
is well-established and documented [1]. Over roughly the last four decades, the dimensions
of features in integrated circuits (ICs) have shrunk from several microns down to the latest
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industry standard (at the time of this writing) of 22 nm. There are currently plans for
further scale decreases to the 16 nm node and beyond. While this trend can, and will at
least, be temporarily sustained, there are technical and fundamental barriers that stand in
the way of continuing to practically implement the approach.
From a manufacturing standpoint, fabricating devices at such small scales is already
enormously complex. To continue shrinking further, commensurate advances must be made
in all areas of the manufacturing process. As an example of this effect one can look at
the photolithography process, which is widely considered to be at the core of the IC man-
ufacturing process. In photolithography, the minimum achievable resolution is directly
proportional to the wavelength of light that the photoresist is exposed [10]. The current
state-of-the-art exposure tools utilize deep ultraviolet light (DUV) produced via an excimer
laser [11]. In order to decrease the exposure wavelength, the IC manufacturing industry
will have to develop increasingly sophisticated light sources (e.g., x-rays). The development
and implementation of such tools is often viewed as being technically difficult and economi-
cally expensive. Similarly, the photoresist being used in the photolithography must also be
improved due to the inability to resolve increasingly smaller critical dimensions.
From a fundamental perspective, the decreasing critical dimensions in the lateral axis
often have profound implications on the material properties in the vertical dimension. One
instance of this phenomenon involves the gate oxide used in a basic transistor. As the device
shrinks, the gate must be made commensurately thinner in order to ensure device integrity.
However as the gate thickness decreases, leakage current typically becomes more of an issue.
Both of these manufacturing-based and materials-related issues are just a few examples
of the many obstacles facing the continued miniaturization of ICs. In order to continue
improving microelectronics, there must be a change in the structure and/or manufacturing
of devices. One method, which can be used in conjunction with device shrinking (and,
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Figure 2.1: A 2-dimensional integrated circuit (2D-IC). Transistors are
built upon a single crystal Si wafer, where various metallization layers (M1,
M2, M3) are separated by insulating oxide material. Note that while there
is a “vertical” aspect to this IC layout, all active transport of charge carriers
takes place only at the wafer level.
hence, amplify its effectiveness), is three-dimensional integration [1].
Presently, traditional 2D-ICs are fabricated using Si wafer-based technology. Large
cylindrical ingots of pure Si are grown using the Czochralski process. These ingots are sliced
into thin wafers which then undergo further refining steps prior to the microfabrication of
circuits. The remaining portion of the process involves many steps, but can be briefly
summarized as follows. Areas on the wafer are photolithographically patterned, selectively
doped, and transistors are formed within on the Si. After patterning, the gate dielectric
is then formed. Interconnects are then created to form the electrical connections between
the semiconductor devices and are separated by a dielectric material. The interconnect
formation process is repeated until all connections are made and the IC is complete [12].
A basic schematic diagram of a typical integrated circuit can be seen in Figure 2.1. While
there is a vertical dimension associated with the device, it is still considered to be “two-
dimensional” as all active transport of charge carriers in the semiconducting elements occurs
at the wafer-level only.
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2.1.2 3D-ICs and semiconductor material requirements
When an integrated circuit contains more than one active semiconductor layer, it is
said to be a 3D-IC, an example of which can be seen in Figure 2.3. Three-dimensional
integration has been proposed as a solution to the inherent issues associated with shrink-
ing devices in order to increase performance [2, 5]. In addition to offering higher packing
densities, 3D-integration offers other potential benefits [1]. Integrating vertically allows for
shorter interconnect lengths which would lead to high-speed performance [13, 14]. Parallel
processing can be realized via 3D-integration by allowing information signals to be trans-
ferred between active layers [15]. Lastly, one of the most promising features of 3D-IC is that
of multi-functionality. By assigning each layer a specific function, novel system designs can
be realized [16]. However, one key component of building such devices lies in the ability
to create secondary Si layers that are of sufficient microstructural integrity to enable high
performance of the devices [2].
Much effort and expense is devoted to optimizing the microstructure of the Si wafers
upon which ICs are fabricated. The reason being that the microstructure of the semiconduc-
tor substrate directly impacts electrical performance (see Figure 2.2). Similarly for 3D-ICs,
the upper layers must also meet some minimum level of microstructural quality to ensure
adequate performance in the top portions of the device. Specifically, the most important
microstructural attributes are as follows.
1. Large grained regions (with commensurately low density of grain boundaries), with
controlled shape of the grains such that perpendicular grain boundaries can be avoided
in the devices.
2. Grains/regions that are intragrain-defect free.
3. Regions that are predominantly {100} surface-orientated.
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(a) (b) (c)
Figure 2.2: The effect of microstructure on TFT characteristics. (a)
Small-grain polycrystalline-Si TFTs suffer from poor performance due to
the high number of grain boundaries in the material. (b) Large-grain poly-
crystalline Si TFTs suffer from poor uniformity due to the random locations
of the grain boundaries in the active channel regions (see Section 3.2.1). (c)
Single crystal material eliminates both of these problems.
These considerations are based on the fact that grain boundaries and planar defects
often act as carrier trapping sites (thus reducing electron mobility) [17–19], and that the
{100} surface-orientation has the lowest interface-state density between Si and SiO2 [20–23].
Since there is such promise in terms of the potential performance gains associated with
three-dimensional integration, and taking into account the above microstructural require-
ments, many different techniques have been pursued with the specific aim of fabricating
such devices. A brief review of several noteworthy methods is presented below.
2.1.3 Various approaches for fabricating 3D-ICs
There are generally two main approaches for fabricating 3D-ICs. The first is essentially
a “bulk” method, whereas the second method is a “bottom-up,” monolithic approach [1,24].
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Figure 2.3: Schematic diagram of a 3-dimensional integrated circuit (3D-
IC) with three active layers. As in a traditional 2D-IC (Figure 2.1), devices
are initially fabricated on a single crystal Si wafer. However, isolating oxides
separate additional, deposited Si layers which are all globally connected
with tungsten, or other metal, vias.
2.1.3.1 Bulk stacking approach
In general, the “bulk” approach consists of two steps: two or more 2D-ICs are fabricated
in the traditional manner and are then put together to form a multi-layer 3D-IC. There are
currently three main techniques employed [24].
1. Wafer-on-wafer — devices are built on two or more wafers and are then aligned,
bonded, and diced into separate 3D-ICs.
2. Die-on-wafer — electronic components are again built on two separate wafers. How-
ever, in this scheme, one wafer is then diced and then each die is aligned and bonded
onto the other wafer.
3. Die-on-die — components are built on multiple dice which are then aligned and bonded
individually.
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While these approaches have been integral in demonstrating the increased functionality
of 3D-ICs [14,25], they are not viewed as compelling large-scale-manufacturing methods. In
each case, a significant thinning process of the Si wafer is required. Furthermore, bonding
technologies are not yet capable of providing high-yield, precisely-bonded wafers. Finally,
with the exception of die-on-die processing, efficient quality control and assurance is tech-
nically demanding, if not entirely impossible.
2.1.3.2 Thin-film-based monolithic integration
Due to the inherent obstacles associated with the bulk approach, a more ideal 3D-
integration scheme is that of monolithic integration. In this method, electronic components
are built in the traditional manner on a Si wafer substrate. Once this initial structure is
completed, isolating layers (usually in the form of SiO2 or other dielectric materials) are
deposited, and then additional semiconductor material is deposited which then undergoes
further processing (as discussed in Section 2.1.1). Vertical integration can continue simply
by depositing more insulating and semiconducting layers. (Throughout the fabrication
process, interconnects between each layer must be formed.)
This method is viewed as being ideal for several reasons. First, the various techniques
and manufacturing capabilities that are required to deposit the various secondary layers in
the vertical stack (both in terms of oxides and Si thin films) are already well-established [26].
Furthermore, these can easily be implemented in high-throughput, large-scale fabrication.
Secondly, building 3D-ICs in a monolithic fashion (as opposed to the bulk method) allows
one to avoid many of the time and labor-intensive steps encountered in manufacturing and
bonding various wafers and dice. Thirdly, it is possible to achieve high packing densities
utilizing thin film structures. Finally, the concept of stacking and processing various layers
is commensurate with many of the fabrication steps involved with current 2D-IC technology,
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and can thus be readily integrated in a manufacturing environment. However, one important
fundamental issue relating to the secondary Si layers must be addressed when discussing
the overall efficacy of this method.
As was discussed earlier, the microstructure of Si thin films directly impacts the resulting
performance of the electrical components fabricated within the film. This being the case,
the microstructural characteristics of the upper Si layers play a vital role in the overall
functionality of the 3D-IC. Typically, as-deposited films (which are usually amorphous) are
viewed as being unsuitable for supporting high-performance applications (see Section 2.1.2).
Therefore, one can argue that a critical hurdle in enabling true monolithic integration lies
in the crystallization of these as-deposited layers in order to provide films that have the
necessary microstructural requirements outlined above. To this end, several investigations
to develop such a technique have been pursued in the past and are discussed briefly in the
following section.
2.1.4 Previous monolithic integration attempts
Many researchers have pursued Si thin film crystallization techniques for a variety of
applications. For 3D-integration applications, much of the focus has been on adapting
crystallization methods that are typically associated with thin film transistor (TFT) fabri-
cation [27]. Several groups have re-crystallized Si films utilizing the metal-induced lateral
crystallization technique (MILC) [28–31]. Metal (typically Al or Ni) is deposited in se-
lected areas of the a-Si film. The film then undergoes an annealing step at an elevated
temperature (200 – 500◦C) where crystallization of the a-Si begins at the metal sites and
proceeds laterally. However, one of the main requirements for any processes performed on
the uppers layers of the vertical stack is that they cannot adversely affect the underlying
structures. In the case of MILC, the lengthy exposure to elevated temperature is often
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detrimental to the previously fabricated components underneath. As well, the resulting
films contain defects and metal precipitates. Other crystallization attempts have focused
on using laser-based melt-mediated methods [32], including utilizing scanning continuous
wave (CW) lasers [33, 34], electron beam sources [35], graphite strip heaters [8, 36], and
pulsed excimer lasers [37, 38]. As these methods directly relate to this thesis, they are
discussed in more extensive detail in later chapters.
While many of these techniques offer a previously-unavailable level of microstructural
quality, they are often viewed as not being entirely suitable for high-performance microelec-
tronics (further explanation is given in the subsequent chapters). Based on the results from
these investigations, and from fundamental physical considerations, one can make the ar-
gument that excimer- and CW-laser-based melt-mediated crystallization techniques, when
implemented in an optimal fashion, can offer the most effective pathway to provide Si thin
films (on SiO2) with the necessary microstructural attributes to enable 3D-integration; this
is the focus of this thesis.
2.2 Fundamental framework of laser crystallization
Fundamentally, the laser crystallization methods discussed and presented in this thesis
involve the melting and solidification of Si thin films. These phenomena are described by
thermodynamics and kinetics, and the work in this thesis is approached conceptually using
these topics.
2.2.1 Thermodynamics of melting and solidification
The thermodynamics of the system dictate what phase transitions are possible, and
under what conditions. Figure 2.4 is a schematic diagram that illustrates the relative Gibbs
free energies of the liquid, crystalline, and amorphous phases of Si [39] under the pressure
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Figure 2.4: The isobaric Gibbs free energy of the various phases of Si as
a function of temperature.
condition of one atmosphere. This figure provides the thermodynamic basis for identifying
the various possible phase transformations that can occur in Si. Amorphous Si (a-Si)
is a metastable phase with respect to crystalline Si (c-Si) below a “virtual” coexistence
temperature (about 2300 K). The transition of solid Si (both crystalline and amorphous)
to liquid Si corresponds to a first order phase transition. This involves first creation, and
subsequent motion, of a moving solid/liquid interface [40].
2.2.2 Kinetics of melting and solidification
The rate at which the planar solid/liquid interface moves during melting and solidifica-
tion of an elemental system is solely determined by the departure of the interface tempera-
ture with respect to the equilibrium melting point between the two phases [41]. This kinetic
relationship is referred to as the interface response function (IRF), and constitutes an all-
important relationship in the study of melting and solidification under far-from-equilibrium
conditions (which are typically encountered in the laser crystallization of Si thin films).
It describes the interface velocity in response to the overheating or undercooling of the
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interface with respect to the melting point. The IRF can be expressed as











where ∆Gls is the difference in Gibbs free energy per atom between the liquid and solid, Q
is the activation energy of self-diffusion in the liquid near the interface, k is the Boltzmann
constant, T is the temperature, and v0 is a kinetic prefactor. By convention, v(T ) is positive
for solidification and negative for melting.
2.3 Motivation for this work
In this work, we aim to leverage the results of previous laser crystallization approaches
in order to provide Si thin films suitable for 3D-ICs (specifically, this is a material that has
large-grained regions with location-controlled grain boundaries, is intragrain-defect-free, and
has {100} surface-orientation [17–23]). Various laser crystallization approaches are highly
compatible with both the fundamental and technical requirements for 3D-integration.
First, laser crystallization is potentially suitable for the (re)crystallization of Si thin films
because of the low effective process temperature, and thus any laser processing performed
on upper layers of the device would not expose the previously-fabricated components to
elevated temperatures [6]. In fact, melt-mediated crystallization of a-Si thin films on plastic
wafers has successfully been demonstrated without damage to the high-temperature intol-
erant substrate [6]. Also relating to the manufacturing-related concerns for 3D-integration,
a noteworthy point about laser crystallization is that several variations of the technique
are currently being used in the large-scale, high-volume production of TFT backplanes
for both active matrix liquid crystal displays (AMLCDs) and active matrix organic light-
emitting diode (AMOLED) displays (these specific applications, as well as other related
ones, are broadly referred to as “large-area electronics” or LAE). Since there is already
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a well-founded industry in terms of the knowledge and manufacturing capability of how
to employ laser crystallization systems in high-throughput environments, one can envision
a relatively smooth transition from the current state-of-the-art 2D-IC fabrication lines to
those that incorporate the additional processing steps and equipment for fabricating 3D-ICs.
Secondly, regarding the fundamental microstructural requirements necessary for 3D-
integration, several laser crystallization methods have shown promise in terms of the ma-
terial they can provide [7, 42–45]. While these various microstructures are not perfectly
matched for 3D-ICs [46, 47], a modification or combination of these approaches can poten-
tially yield close-to-SOI (silicon-on-insulator) material.
Moreover, a main focus of the present (and previous) work is the systematic elimination
of intragrain defects in an effort to create the ideal SOI material. A crucial aspect to
this endeavor is understanding how defects form in the first place. Previous studies have
shown that melt-mediated crystallization of Si thin films can be an ideal system to study
fundamental transformation-related details (e.g., nucleation) [48–50]. We aim to utilize the
unique experimental conditions encountered in excimer-laser crystallization to investigate
the fundamental mechanism of how defects in thin films form during rapid crystal growth.
Specifically, the two melt-mediated laser-based crystallization approaches that are in-
vestigated in this thesis are sequential lateral solidification (SLS) and mixed-phase solidifi-
cation (MPS). SLS is a pulsed-laser crystallization method and is an effective and efficient
means by which to manipulate the microstructure of a Si thin film [42]. Mixed-phase so-
lidification (MPS) is a relatively new beam-induced solidification method that can produce
large-grained and highly (100) surface-textured polycrystalline Si films on SiO2 [45]. (The
fundamental and specific details of these two methods are discussed in subsequent chapters.)
In this dissertation we show how novel implementations of these previously developed
techniques can generate microstructurally suitable material for 3D-ICs, as well as offer
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improvements to the existing material for future applications in LAE. Additionally, we
aim to demonstrate how these methods are commensurate with current manufacturing
capabilities, and can be readily incorporated into the large-scale production of 3D-ICs. The
first part of this thesis (see Section 1.2), Chapters 3 and 4, deals with what we have termed
“advanced SLS.” The second part, Chapters 5 and 6, focuses on a particular process we
refer to as “advanced MPS.”




solidification: SLS of prepatterned
films
3.1 Introduction
As detailed in Chapter 2, the performance characteristics of thin film devices are directly
related to the microstructural quality of the Si film from which they are made. Melt-
mediated crystallization of prepatterned Si films is an established route for manipulating the
microstructure of the resulting films [7]. Typically, solidification of strategically patterned Si
films has been performed to obtain large-grained or single-crystal regions for producing high
performance devices. In contrast to these previous investigations, the work in this chapter
proposes – and evaluates the applicability of – crystallizing prepatterned Si films with the
primary aim of improving the apparent uniformity of resulting transistors. Specifically,
directional sequential lateral solidification (SLS) of prepatterned Si films is performed as
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a way of ultimately delivering high-mobility/high-uniformity devices that are desired for
producing AMLCDs, AMOLED displays, and 3D integrated circuits (3D-ICs).
3.2 Background
3.2.1 Sequential lateral solidification (SLS)
The SLS method was originally developed in the 1990s as a low-temperature-substrate-
compatible process for generating a variety of low-defect-density materials for thin film
transistor (TFT) devices [42]. Various versions of the method (including the directional
SLS technique) have been studied extensively in the past [51], and only a brief description
of the process is presented here.
3.2.1.1 Controlled super lateral growth (C-SLG)
Sequential lateral solidification (SLS) relies on the controlled inducement of the super
lateral growth (SLG) phenomenon [52, 53], to produce large grains, which is generally re-
ferred to as “controlled super lateral growth” (C-SLG). In SLS, a narrow region of the film
is irradiated at an energy density sufficient to induce complete melting, while the adjacent
areas are not irradiated. Immediately following irradiation, lateral growth proceeds from
the unmelted regions into the adjacent narrow molten zone as the film cools. Lateral growth
ceases when either the two opposing growth fronts impinge near the center of the molten
region, or the molten region becomes sufficiently supercooled so that bulk nucleation of
solids is triggered before the growth fronts impinge. Exactly which scenario occurs depends
on the width of the molten region relative to the extent of lateral growth. Due to the
nucleation and growth kinetics associated with the solidification process, a narrow molten
zone leads to impingement while a wider molten zone leads to nucleation [51]. This basic




Figure 3.1: A schematic diagram of the controlled super lateral growth
process. (a) When the molten zone is narrow, lateral growth terminates
with impingement of opposing growth fronts, as opposed to (b) when the
molten zone is wide, lateral growth terminates when new grains are nucle-
ated. (Figure adapted from [51].)
In the case of impingement, the lateral growth distance is equal to one-half of the width
of the molten zone. However, there is a limit to the amount of lateral growth that can
be obtained because of the inevitable onset of nucleation within the central portion of the
completely molten area. Under typical conditions involving excimer lasers, for instance, the





vg (ρint, Tint) dt+ ξSLG (λr) (3.1)
where to is the time at which growth starts to proceed, tn is the time at which bulk nu-
cleation is triggered, vg (ρint, Tint) is the curvature and interface temperature-dependent
growth rate, ξSLG is the extra lateral growth that occurs after nucleation due to growth
into the nucleation-denuded zone near the interface as well as the growth that proceeds from
the nucleated solids towards the SLG grain, and λr is the time-dependent lateral length as-
sociated with interfacial recalescence [53]. Once heterogeneous nucleation is triggered, the
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nucleation rate can be formulated as







where A is a constant, K(T ) is the temperature-dependent frequency related to the inter-
facial rearrangement, f(θ) is a shape factor that accounts for the reduced energy barrier
for heterogeneous nucleation (where the contact angle θ is determined by the relative mag-
nitude of the interfacial energies involved), and ∆G∗ is the thermodynamic energy barrier





where σ is the surface energy between the liquid and solid, and Gls is the volumetric free
energy difference between the liquid and solid phase [54–57].
3.2.1.2 Directional sequential lateral solidification
In general, SLS involves a two-step processing cycle that consists of (1) irradiation of the
film through a patterned mask or aperture in order to induce well-defined localized complete
melting (based on the above outlined C-SLG approach), and (2) precise microtranslation of
the film with respect to the beam between pulses (less than the lateral growth distance). In
the case of directional SLS (also known as “line-scan” SLS), the patterned mask can consist
of a simple narrow slit to allow for generating only a single beam line. The crystallization
is accomplished by repeatedly irradiating the film at an energy density sufficient to induce
complete melting [52] in the areas of the film exposed to the beam. Concurrently, the sample
is translated in a direction perpendicular to the long axis of the projected image of the mask
slits so as to induce epitaxial lateral growth. When implemented optimally, this process
produces a directionally solidified microstructure that consists of non-equiaxed grains of
unrestricted length [7]. The microstructural development as well as the final microstructure
obtained via directional-SLS is schematically shown in Figure 3.2.
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(a) (b) (c)
Figure 3.2: Schematic of SLS using a straight slit mask. (a) The first
irradiation pulse through the mask (which is indicated by the dashed out-
line) and induces controlled super lateral growth; (b) second pulse after
translation; (c) the resulting microstructure at the conclusion of the SLS
process, with the arrow showing the solidification direction [7].
The directionally solidified Si films obtained via this method have been proven to be an
enabling material for realizing high-mobility TFTs [58–62] for advanced flat panel displays.
Previously conducted characterization of devices fabricated utilizing directionally solidified
materials obtained via directional-SLS demonstrate that high mobilities can be obtained
(in the range of ∼300 to greater than 400cm2/V· sec) when the current flow is parallel to
the elongated/growth direction of the grains [59].
3.2.1.3 Microstructural limitations of the directional-SLS approach
While the directional-SLS method can provide material for high-mobility TFTs, the
overall uniformity of these high-mobility TFTs fabricated on a directionally solidified film
can be less than those that can be obtained using a single crystal film, or another SLS
method referred to as “2-shot SLS,”(which, however, leads to lower mobility devices) [59].
It has been found that films processed via the directional-SLS method contain physically
distinct regions with varying densities of planar defects and/or crystallographic orientations
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[46,47], as illustrated in Figures 3.3 and 3.4.
The main defects observed in directionally solidified Si microstructures consist of (1) ran-
dom high-angle grain boundaries, (2) low-angle sub-boundaries, and (3) intragrain/instrasubgrain
microtwins. Both the defective grains (within which microtwins exits) and relatively “clean”
grains (that are devoid of dislocations, microtwins, and other identifiable intragrain de-
fects) are found to coexist within the directionally solidified materials. It was observed that
grains with a 〈110〉 texture in the growth direction were more likely to contain microtwins,
whereas the grains with a 〈100〉 growth direction texture appear to be primarily free of the
defects [47].
These microstructural details, which are apparently innate to the directional SLS method,
are likely the main reason behind why these high-mobility transistors exhibit relatively poor
device uniformity (see Figure 3.5a).
3.2.2 Concept of “advanced-SLS”
By physically confining such a microstructurally distinct region within a narrow stripe
of Si and by placing a multiple number of such stripes within the active channel region of
a device, the approach outlined in this chapter can potentially substantially improve the
apparent uniformity of the devices (without affecting the high-mobility character that arises
from the directionally solidified microstructure). The stripes in each device are expected to
have some stochastic distribution of orientations and defect densities. This situation can
be viewed as beneficial (when compared to directional-SLS of continuous films) because
there is essentially be an orientation-averaging effect (see Figure 3.5b). In other words,
the contributions from individual stripes are statistically averaged over the large number
of crystallographically unrelated grains that reside within the active channel area. While





Figure 3.3: TEM images of three types of defect structures observed in
directionally SLS-processed Si films: subgrains that (a) are comparatively
free of intragrain defects, (b) are highly defective, and (c) contain numerous
twin boundaries. Arrows indicate the SLS direction [47].
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Figure 3.4: Electron backscatter diffraction (EBSD) image of a typical
directionally SLS-processed region showing the spatial distribution of the
in-plane orientations in the direction of the scan. The mixture of domains
that differ in texture result in device non-uniformity.
sional defect-free portion of directionally-SLS processed regions, the technique should yield
approximately average electrical properties associated with high-performance transistors
obtained using directional-SLS-processed films. Furthermore, taking into account manufac-
turing considerations (where no extra step is needed to pattern the films and manufacturing
systems are available), this increase in the device uniformity addresses the only negative
aspect of the directional SLS method.
3.3 Experimental details
3.3.1 Prepatterned sample preparation and configuration
The prepatterned Si films were prepared via standard electron beam lithography pro-
cesses as follows.
1. A standard Si wafer was thermally oxidized at 1100◦C for 400 minutes to create a 2
µm thick layer of buffer SiO2.
2. A 100 nm polycrystalline Si film was deposited on top of the oxide layer at 600◦C via
a standard LPCVD method.
3. After spinning on photoresist, the films were processed using an electron beam lithog-
raphy tool to define stripes of varying widths (100 nm–10 µm). The distance between
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(a)
(b)
Figure 3.5: (a) Continuous films processed via directional-SLS contain
physically distinct regions with varying crystallographic orientations (as
represented by the different colors). (b) By physically confining these dis-
tinct regions within a narrow stripe (and placing a number of such stripes
within the active channel), the apparent device-to-device uniformity can be
increased.
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Figure 3.6: Schematic diagram of the prepatterned Si film used in this
work. Si stripes patterned using electron beam lithography were formed on
a thermally oxidized Si wafers and subsequently processed via directional-
SLS. See Section 3.3.1 for sample preparation and dimensions.
adjacent stripes was equal to the width of the stripe. After developing the photoresist,
the Si film was then etched using an anisotropic inductively coupled plasma etching
system and the remaining photoresist was then stripped.
A schematic diagram of the final sample configuration can be seen in Figure 3.6.
3.3.2 Directional-SLS parameters
The directional-SLS process was carried out via the standard method [43]. Figure 3.7b
shows a schematic diagram of the laser irradiation system. The laser irradiation was
achieved with a XeCl excimer laser, operating at 308 nm wavelength. The full-width at
half maximum (FWHM) of a single pulse was 30 nsec (with a pulse duration extender
(PDE) capable of elongating the pulse duration up to ∼220 nsec). The output laser en-
ergy was monitored by a calibrated pyroelectric energy meter and could be controlled by a
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variable-plate attenuator.
The optical components of the irradiation system included a telescope lens to shape
the beam and a homogenizer to create a spatially uniform beam profile. The beam was
then further shaped by a patterned mask and a projected onto the sample surface through
a 5× demagnification projection lens with a numerical aperture of 0.13. The projection
lens is sealed and kept below 30◦C to minimize the focal plane shift which can be induced
by thermal variations in the environment. The computer-controlled sample stage can be
translated in three dimensions at the submicrometer precision level.
Using this system, the samples were directional-SLS processed with a 500 µm-long
and 2.75 µm-wide line beam (without employing the PDE), and at a fixed repetition rate
of 10Hz with translation distance (i.e., the “SLS step distance”) of 0.4 µm between the
pulses. The direction of the step distance (and thus directional solidification) was parallel
to the long-axis-direction of the stripe length. The crystallization was performed in air and
without any preheating of the substrate. The energy density incident upon the sample was
varied from 0.4 CMT–1.4 CMT (complete melting threshold). Here, CMT is defined as the
complete melting threshold of the continuous Si film with identical thickness to that of the
prepatterned stripes.
The microstructural analyses of the directionally SLS-processed samples were performed
using scanning electron microscopy (SEM) (JEOL JSM-5600) and atomic force microscopy
(AFM) (Digital Instruments Dimension 3000). The samples were moderately and substan-
tially defect-etched for SEM and AFM analysis. Crystallographic orientation characteriza-
tion was performed using a JEOL JSM-5600 SEM equipped with an electron backscatter
diffraction (EBSD) system from HKL. The analytical software from HKL was employed to
clean up data by removing singular data points and to remove missing data points through
interpolation.
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(a)
(b)
Figure 3.7: (a) Photograph of the laser irradiation SLS system used in
this work. The laser is seen at right, with the optics and x-y-z translation




3.4.1 Grain structure of stripes processed via directional-SLS
The SEM images of several directional-SLS processed stripes are shown in Figure 3.8.
In the wider stripes (Figure 3.8a), two microstructurally distinct regions are observed. The
first is the central region of the stripe. This area looks qualitatively similar to the standard
directional-SLS material (i.e., the directional microstructure obtained when directional-SLS
is performed on a continuous Si film) in that the defects are aligned parallel to the SLS step
direction. The second distinct area is the narrow edge region of the stripes that consists
of slanted defect patterns. A different situation is encountered in the narrower stripes
(Figure 3.8b). A bi-crystal microstructure is observed in the 1 µm wide stripes. A relatively
stable grain boundary is seen running up the long axis of the stripe (i.e. the translation
direction in the SLS process). Notably, the central area seen in the wider SLS-processed
stripes is conspicuously absent in the narrower SLS-processed stripes.
3.4.2 Electron backscatter diffraction (EBSD) orientation analysis
The EBSD images (Figure 3.9, in-plane direction shown) clearly confirm that the stripes
have been successfully directionally solidified. Furthermore, the standard directional mi-
crostructure dominates in the wider stripes, which is to be expected based on the SEM im-
ages. Additionally, the formation of apparently and relatively stable bi-crystal microstruc-
ture is verified for the 1–2 µm stripes.
3.4.3 Surface morphology
Looking at the morphological details of the SLS processed stripes, the AFM images in
Figure 3.10 reveal two noteworthy details. First, the profile in the direction perpendicular




Figure 3.8: SEM images of defect-etched (a) 5µm and (b) 1 µm prepat-
terned Si stripes that have been processed via directional-SLS (beam width
2.75 µm and step distance 0.4 µm).
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(a) 10 µm wide stripes (b) 2 µm wide stripes
Figure 3.9: EBSD patterns (in-plane direction shown) of (a) 10 µm wide
and (b) 2 µm wide prepatterned Si stripes that have been processed via
directional-SLS. The grain structure in the wider stripes exhibits behavior
consistent with what is encountered in directional-SLS of continuous Si
films, where a bi-crystal structure can be seen in the narrower stripes.
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(a) (b) (c)
Figure 3.10: AFM images of a 2 µm wide stripe that has been processed
via directional-SLS. (a) shows a 3D image of the processed stripe, while
(b) shows a cross-section perpendicular to the width of the stripe (and
perpendicular to the laser scanning direction) and (c) shows a cross-section
parallel to the long axis of the stripe (and parallel to the laser scanning
direction).
parallel to the growth direction consists of a periodically undulating topology.
3.5 Discussion
3.5.1 Microstructure development during the advanced SLS process
An appropriate area to begin the discussion of these pre-patterned films lies in examining
the microstructural development of the stripes during the SLS process. During a single
shot, the irradiated area of the stripe is completely melted. Because heat is conducted
more efficiently at the edges of the stripes than in the center, the corners and edges are
cooler (as compared to the middle of the stripe). This enhanced thermal flow is depicted
schematically in Figure 3.11.
Therefore, during the solidification process, the edge of the liquid and solid interface
(when viewed from the top) develops a rounded shape (Figure 3.12a). Grains at the pe-
riphery of the stripe then grow laterally toward the center of the stripe, which is indicated
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Figure 3.11: Schematic diagram of enhanced heat flow at the corners of a
stripe during the complete-melting portion of the SLS process. This leads
to the development of a rounded solid/liquid interface (when viewed from
the top, see Figure 3.12).
by the slanted defect structure at the outer edges of wider stripes. This phenomenon is not
unexpected, as defects tend to align perpendicular to the solid-liquid interface during solidi-
fication [63]. Towards the center of the stripe (i.e., at the straight portion of the solid/liquid
interface), directional grains grow along the stripe in a manner similar to continuous films
processed via directional-SLS.
As the stripes get narrower, however, the width of the central region continuously de-
creases and eventually disappears. At this point, bi-crystal formation is observed. This
formation is a result of the interface-curvature stabilized solidification. In other words, if
the entire solid/liquid interface is curved with no straight portion solidification must occur
in a slanted manner (Figure 3.12b). As the solidification interfaces from each side of the
stripe meet, a grain boundary in the middle is formed and the resulting microstructure is a
bi-crystal as seen in Figures 3.8b and 3.9.
It should be noted that the bi-crystal formation is expected to be more beneficial than
single grain formation. In essence, one stripe can effectively serve as two narrower stripes.
In this way, the degree of statistical sampling and averaging of variously oriented grains
within one channel region would increase. Additionally, the dimensions of these narrow
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(a) (b)
Figure 3.12: The effect that stripe width has on the solid/liquid interface
during the SLS process. When the stripe is sufficiently wide, (a), a flat por-
tion of the interface exists, and defects run parallel to the stripe length. At
the edge of the stripe, defects (which propagate perpendicular to the inter-
face) appear slanted with respect to the stripe. As the width of the stripe
decreases, (b), the entire interface is curved. Thus, all defects are oriented
toward the center of the stripe, and bi-crystal formation is observed.
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stripes are within the current state-of-the-art LTPS TFTs lithography-design rule.
3.5.2 Morphology of final microstructure
Turning to the topological morphology of the SLS processed stripes, the cross-sectional
image taken parallel to the stripe (and scanning direction) reveals periodic undulations
running along the stripe. This morphology is indicative of the stepping nature of the SLS
process and has been discussed in extensive detail elsewhere [51,64,65]. Looking at the image
of a cross-section taken perpendicular to the stripes (and the scanning direction), ridges at
the edge of the stripe are observed (recall Figure 3.10). These ridges can be accounted
for by considering the dewetting behavior of liquid Si on SiO2. Because the liquid does
not wet SiO2, when the Si is fully melted the outer liquid flows towards the center. Since
solidification proceeds very rapidly, only the peripheral area of the stripe has enough time
to change its shape by forming the ridges at the edges before solidification halts the beading
process. This phenomenon, of course, occurs in both the wide and narrow stripes, but the
narrow stripes are affected more than the wider ones. Because of this, ultra-narrow Si
patterns may require an oxide capping layer to stabilize the stripe structure.
3.6 Summary
This chapter outlined the previously-developed SLS technique and detailed the unifor-
mity limitations associated with transistors formed within films processed via directional-
SLS. A new variation of the technique was introduced, namely that of advanced SLS, which
was specifically focused on addressing this non-uniformity issue associated with directional-
SLS-processed films. Narrow stripes of Si were patterned and then processed via directional-
SLS. Stripes with varying width were shown to exhibit different solidification behavior.
Wider stripes looked more like “typical” directional-SLS processed films, while the narrow
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stripes (less than 2 µm) exhibited a bi-crystal microstructure. This was explained in terms
of enhanced corner/edge cooling and a stabilized bi-crystal growth model. The approach
outlined here was recommended as a potentially effective route for obtaining uniform and
high-mobility directional SLS TFTs.
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Chapter 4
Mechanism of twin formation in
excimer-laser-induced lateral
solidification of Si films
The topic of defect formation in crystalline solids is a fundamental subject in materials
science and engineering. Many previous researchers have focused on the twinning behavior
of bulk Si, due to its importance in the microelectronics industry [66,67]. Because there was
a pressing need to produce large, single crystal boules from which to cut Si wafers, many
of these investigations centered mainly around the twinning behavior in slow-growth, near-
equilibrium processes (e.g., Czochralski growth) [68–70]. More recently, however, the laser
crystallization of thin films (specifically sequential lateral solidification (SLS)) has become
an increasingly important, and widely-used, method for manipulating the microstructure
of Si films. Melt-mediated laser crystallization typically involves extremely rapid solidifica-
tion of thin films taking place at far-from-equilibrium conditions. As such, the formation
mechanism of twins (and their subsequent appearance) in this scenario can be expected to
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be fundamentally different from that of slow-growth-based bulk processes. The goal of the
work presented in this chapter is to utilize the unique combination of experimental factors
encountered in SLS to systematically investigate the formation of twins in rapidly laterally
solidified films.
4.1 Introduction
The device characteristics of polycrystalline-Si-based thin film devices are determined by
the microstructural quality of the material. Among the various deposition and crystallization-
based techniques for preparing polycrystalline Si thin films, a method referred to as dot-SLS
can be recognized as being uniquely capable of providing near-SOI quality materials on SiO2
coated substrates (namely, large, location-controlled, {100} surface-oriented Si regions that
are predominantly devoid of intragrain defects) [44]. One notable experimental observation
made in the course of developing the dot-SLS process was that intragrain-defect-free regions
were generated only when the technique was performed on precursor seeds which were {100}
surface-oriented. All other regions, which were generated from non-(100)-textured seeds,
were found to contain Σ = 3 CSL (coincident site lattice) twin boundaries.
We suggest that this (i.e., dot-SLS of amorphous precursor films on SiO2) is an excellent
opportunity to systematically investigate the formation of twins as one is provided with a
fortuitous combination of the following factors. First, lateral growth proceeds radially with-
out occlusion-led termination of the growing grains, due to the positive curvature of the
solid/liquid interface. Second, as a consequence of the complex transitions taking place
during the first shot (i.e., explosive crystallization and partial melting), one is presented
with, and can subsequently sample, a wide range of crystallographic seed orientations and
growth directions [44]. Third, the size of the crystallized region is sufficiently large, and the
surface morphology is sufficiently smooth, to enable thorough electron backscatter diffrac-
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tion (EBSD) analysis. Finally, one can infer the shape of the solid during growth from the
final shape of the crystallized region surrounded by small nucleated grains. In this work,
we take advantage of this situation in order to glean (1) the possible mechanism through
which Σ = 3 CSL boundaries are generated, and (2) to account for the absence of twins in
the case of {100} surface-oriented grains.
4.2 Background of various SLS techniques
4.2.1 Dot-SLS
Dot-SLS is a particular SLS scheme [42] that uses multiple shadow dots to create
location-controlled, low-defect density, single-crystal domains which are sufficiently large
to permit the placement of small devices inside. The beam-exposed part of the film is
irradiated at an energy density sufficient to induce complete melting (satisfying the first
fundamental requirement of SLS) of the irradiated area, while a small region is prevented
from being fully melted using a dot-shaped shadow to screen the beam. Upon cooling, the
unmelted solid (which can undergo prompt and complex crystallization transitions involv-
ing explosive crystallization) will act as a seed for lateral growth, which continues until
the solidification front collides with opposing fronts originating from copious nucleation of
solids within the liquid. The sample is then translated with respect to the beam, so the dot
shadows a part of the large-grain material that was previously laterally solidified (thus sat-
isfying the second fundamental requirement of SLS). Consequently, upon re-irradiation, the
unmelted region will tend to contain a substantially reduced number of grains for seeding
the subsequent epitaxial lateral growth. This iterative translation and re-irradiation process
will thus accomplish a prompt reduction in the number of grains in the seed region, and
should eventually lead to the point at which the unmelted region consists of only one grain,
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subsequently forming a single-crystal region upon solidification. A schematic diagram of
the process can be seen in Figure 4.1. Further detailed discussion of the dot-SLS process
can be found elsewhere [64].
It was shown that dot-SLS is an effective method for systematic removal of random high-
angle grain boundaries. However, it was also noted that (1) the crystallographic orientation
of these large, quasi-single crystal regions produced via dot-SLS was essentially random,
and (2) the interior of some of these regions contained Σ = 3 CSL twins. In order to
remedy the lack of orientation control, a method known as “hybrid-SLS” was developed in
order to provide near-SOI quality materials with the preferred {100} surface-orientation for
microelectronics (i.e., to control the surface orientation of dot-SLS processed regions).
4.2.2 Hybrid-SLS
Since the dot-SLS process yields regions that have an apparently random surface crys-
tallographic orientation distribution, it can be identified as a non-texture-inducing process.
Hence, if dot-SLS is performed on a textured polycrystalline Si precursor film, the original
surface-orientation should be largely preserved. This is the fundamental concept behind
hybrid-SLS. This method consists of two steps; the first is to create a strongly textured Si
film, and the second is to subsequently perform dot-SLS.
This approach is particularly useful as each step can be individually optimized to pro-
duce the desired microstructural attributes, while other details of the resultant material
are largely neglected. Specifically, the first step of the process focuses solely on texture
formation without regard to the grain size, uniformity, and surface morphology. Among
various texture-inducing techniques, one particular melt-mediated crystallization technique
known as “mixed phase solidification” (MPS) can be identified as being uniquely capa-
ble of providing Si thin films that have >99% {100} surface-oriented grains. (The MPS




Figure 4.1: Schematic diagrams illustrating the concept of dot-SLS.
Shown are (a) the locations of the shadowed regions prior to each pulse, (b)
the evolution of the resulting microstructure following each irradiation, and
(c) SEM images of the resulting microstructure following each irradiation.
Figure adapted from [64].
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process is discussed further in Chapter 5.). The second step of the process is then opti-
mized to specifically remove high-angle grain boundaries [44]. In this manner (i.e., prepar-
ing a (100) surface-textured film and subsequently performing dot-SLS), large, location-
controlled, {100} surface-oriented regions could be generated [44].
During the course of developing and investigating the hybrid-SLS process, it was found
that not only were random high-angle ground boundaries effectively removed, but when the
dot-SLS process was performed on (100)-surface-textured films, the interior of the dot-SLS-
processed regions were found to contain no planar defects (as opposed to when dot-SLS
was performed on an amorphous precursor, wherein twins were observed in the dot-SLS-
processed regions).
4.2.3 Aim of this work
As was mentioned previously, twins often appear in the interior of dot-SLS processed
regions. Furthermore, it was observed that an intragrain-defect-free region was obtained
only when the dot-SLS process was performed on a (100) surface-textured seed. Indeed,
all other seed orientations were found to yield Σ = 3 CSL boundaries. The purpose of the
present work is two-fold; (1) to identify the mechanism by which twins are formed in the
case of non-(100)-textured regions, and (2) to offer an explanation as to why (100)-textured
seeds lead to defect-free growth.
4.3 Experimental details
In this work, dot-SLS was performed on dehydrogenated amorphous Si thin films (50–130
nm thick) on SiO2-coated quartz, glass, or Si wafer substrates. The method was carried out
using the same XeCl excimer laser system (λ=308 nm, ∼240 nsec pulse duration) described
in Section 3.3.2. The crystallization was performed in air and without any preheating of the
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substrate. The single crystal regions (which were generated by shadowed regions ranging
from 1–2 µm in diameter) were spaced sufficiently far apart to allow for the lateral growth
to proceed until halted by nucleated grains. Over one hundred dot-SLS processed regions
with various surface orientations were analyzed using AFM, SEM, TEM, and EBSD (the
details of these tools can be found in Section 3.3.2).
4.4 Results
SEM images, along with the corresponding EBSD orientation maps (normal-direction
shown), CSL twin maps, Miller indices of the seed regions, and inverse pole figures (IPFs)
in the normal-direction showing representative examples of the crystallized islands are pre-
sented in Figure 4.2. As has been noted before [44], (1) Σ = 3 CSL boundaries were found
to be the predominant defect within the island, and (2) the interior of 〈100〉 normal-oriented
islands were found to be mainly free of planar defects (Figure 4.2a). Generally, two groups
of islands can be identified in terms of the manifested surface orientations: those in which
clear and substantial surface orientation change is detected in the twinned regions (Fig-
ures 4.2c, 4.2d), and those in which the surface orientation is largely unchanged by the
appearance of Σ = 3 CSL twin boundaries (Figures 4.2b, 4.2e). The overall shapes of the
crystallized islands were found to correlate with their crystallographic surface orientation
(e.g., square for islands with a (100) surface-normal and hexagonal for islands with a (111)
surface-normal (Figures 4.2a and 4.2b, respectively)). This behavior is consistent with what
has been observed previously [64].
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(a) (100) (b) (111)
(c) (112) (d) (304)
(e) (213)
Figure 4.2: Microstructural details of regions crystallized via dot-SLS.
For each island, the corresponding SEM image, EBSD orientation map
(normal-direction shown), EBSD twin map (Σ = 3 twins are represented
by red lines, Σ = 9 twins by blue lines), inverse pole figure in the normal-
direction, 3D crystal orientation of the main (M) region and twinned (T)
region, and Miller indices of the main region are shown.
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4.5 Discussion
4.5.1 Systematic orientation switch upon twinning
Analysis of the dot-SLS processed regions reveals that the twin boundaries were found
to form in a spatially and crystallographically systematic and reproducible manner. Close
examination of the correlation between the seed and twinned orientations reveals that it
is consistent with what can be expected from the twinning mechanism in elemental semi-
conductors with the diamond cubic lattice. For these materials, the Σ = 3 CSL twin
corresponds to a 180◦ rotation about a 〈111〉 axis [71]. This rotation operation, in turn,
is manifested in the IPF as an apparent reflection across the {112} zone [72], as can be
seen in Figure 4.3. This mechanism also means that those seed orientations which lie along
the {112} zone in the inverse pole figure should retain their crystallographic orientation, as
shown in Figure 4.4. The prevalence of Σ = 3 twins is not unexpected, as they have the
lowest free energy associated with twins [73].
4.5.2 Origin of twin formation
We now start our argument for identifying the mechanism through which twins appear
and propagate by first noting that the overall shape of the solidified islands reveals that
solidification must have proceeded in a facetted mode. This, in turn, means that ledge
nucleation and propagation is the atomistic mechanism through which growth must have
transpired. This result is not unexpected, as facetting in Si has been observed and exten-
sively studied elsewhere [74–76]. One primary analytical method regarding the propensity
of certain metals and semiconductors to facet upon solidification is Jackson’s α factor [77],
briefly described here.
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Figure 4.3: EBSD maps (normal-direction shown) and the associated IPF
of various dot-SLS processed regions. The systematic crystallographic ori-
entation switch from the seed region to the twinned region is apparently
manifested in the IPF as a reflection across the {112} zone. This corre-
sponds to the twinning mechanism in Si which is defined as a 180◦ rotation
about the 〈111〉 axis.
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Figure 4.4: EBSD maps (normal-direction shown) and the associated IPF
of various dot-SLS processed regions whose seeds lie along the {112} zone.
When twinning occurs, the seed orientation is preserved in the twinned
region as dictated by the twinning mechanism in Si.
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4.5.2.1 Jackson’s α factor and facetted growth
The theory presented by Jackson [77] is a simplified approach to deal with the interface
structure, at an atomic scale, between a crystalline solid and its liquid. The aim of this model
is to determine if this interface is atomically sharp or atomically smooth. An atomically
smooth solid interface is considered and atoms are randomly added until one full monolayer
is formed, at which point the surface is atomically smooth again. The affect on the total
free energy of the system during the process is then evaluated based upon how and where
the atoms are placed. The free energy change per atom added to the crystal is found to be







L0 is the change in interfacial energy associated with the transfer of one atom from the
bulk liquid to bulk solid, η1 is the maximum possible number of adatom nearest neighbors,
TE is the equilibrium temperature for the phase change, and ν is the number of nearest
neighbors in the bulk solid. Jackson identified that for values of α ≤ 2, the minimum excess
free energy corresponds to the situation when half of the surface sites are occupied (i.e.,
randomly placed adatoms), and the interface is atomically rough. For values of α > 2, there
is a minimum excess free energy when the fraction of occupied surface sites is either 0 or
1 [63]. Thus, the surface prefers to be atomically smooth.
Using this model, predictions can be made regarding the behavior of different materials
solidifying from their melts. For the situation where α > 2, an atomically smooth interface
is expected to form, and hence the growth front will display facets. The rate of growth in
this case will be limited by the occurrence of steps on the interface that are typically created
by two-dimensional ledge nucleation or the presence of a crystalline defect. In the case of
Si, α = 3.6, and therefore so should grow with a facetted interface from its melt. This
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(a) (100) (b) (111)
Figure 4.5: Schematic depiction of the facetted mode of growth defined
by advancing {111} planes for (a) (100) and (b) (111) normal-oriented
grains. The eight {111} planes in Si form an octahedron that consists of
two pyramids sharing a common square base. For example, in the case of
single-crystal (a) (100) surface-oriented islands, the corners of the square
are formed at the point in the (100) plane where {111} planes intersect,
and the in-plane orientation is the 〈100〉 direction along the diagonal of the
square.
behavior has been confirmed experimentally [49, 78]. Furthermore, it has been predicted
(and observed) that in Si these advancing facets correspond to {111} planes [63,74].
In the present work, the overall facetted shape of the crystallized islands can be corre-
lated to the relative orientation that these advancing {111} planes have with the substrate,
as is described in the caption of Figure 4.5.
4.5.2.2 Twin appearance and mechanism of twin formation
We also note the following characteristics of the twin boundaries themselves: (1) the
twins exhibit a radial pattern, (2) the central portion of the crystallized island can be
devoid of twins, and (3) the twinned regions appear symmetrically. By considering the
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(a) (b)
Figure 4.6: Schematic depiction of two possible scenarios of where
new ledges are nucleated during the advancement of {111} planes during
facetted growth (side-view presented); (a) nucleation of a new layer within
the interior of a {111} facet, and (b) heterogeneous nucleation of a {111}
facet at the Si/SiO2 interface. The systematic dependence on the grain
orientation suggests that nucleation at the Si/SiO2 interface is more likely.
energetics involved in ledge nucleation (see previous section), and based on the observed
dependence of surface orientation on the formation of twins (e.g., no twins are formed in
(100) surface-textured islands) we suggest that twins must be formed when a ledge, in a
twinned configuration, is heterogeneously nucleated at the Si/SiO2 interface (Figure 4.6b).
Once formed, ledge propagation in the twinned arrangement will continue until colliding
with ledges propagating from other nucleation sites. (The alternative scenario of nucleation
taking place within the interior of a {111} facet, as opposed to taking place heterogeneously
at the Si/SiO2 interface, would preclude the possibility of systematic dependence on the
grain orientation (Figure 4.6a).)
The above argument, in turn, points one to the thermodynamically unfavorable ener-
getics associated with heterogeneously nucleating a twinned ledge at the Si/SiO2 interface
as being the cause for the absence of twin formation in the interior of {100} surface-oriented
islands. Indeed, such a point, based on considering the energetics associated with the ar-
rangement of atoms at the Si/SiO2 interface, has been presented by Drowley et al. in the
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course of investigating vapor-phase epitaxy of Si [79,80].
As to the appearance of twins in the edge region of {100} surface-oriented islands (Fig-
ure 4.2a), these defects are distinguished by the fact that they a) only occasionally occur,
and b) when they do occur, form near a corner (i.e., never in the interior region). This
suggests that these twins are formed stochastically, possibly due to a more severe thermo-
dynamic/kinetic environment (i.e., deeper undercooling/higher growth rate) encountered at
the end of the lateral growth.
4.6 Summary
Because of the importance associated with reducing the defect density in Si films pro-
cessed via excimer (or other pulsed-) laser crystallization, a fundamental investigation was
made into the formation of twins during rapid lateral solidification. We carried out substan-
tial microstructural analysis of regions crystallized via dot-SLS. This particular technique
was chosen as it allows for the systematic characterization of twinning in laterally grown
films, and has previously been shown to be capable of producing large, intragrain-defect-free,
location-controlled, {100} surface-oriented regions . Based on the experimentally observed
data and trends, we have proposed a ledge-nucleation-based model for the formation of Σ
= 3 twins in rapidly and laterally solidified Si films on SiO2. It was suggested that the
twins are initiated during ledge nucleation that takes place heterogeneously at the Si/SiO2
interface. According to this model, it is the energetics associated with nucleating a new
layer in either a twinned or non-twinned configuration at the Si/SiO2 interface that dictate
the formation (or the absence) of the twins. In the case of {100} surface-oriented domains,
the formation of twins is suggested to be energetically unfavorable.




solidification (MPS) of Si thin films
In Part I of this thesis (Chapters 3 and 4), we have focused on pulsed/- excimer-
laser-based crystallization methods. Specifically, we presented a new crystallization scheme
referred to as “advanced SLS,” and dealt with the formation of twins encountered in rapid
lateral solidification of Si thin films. In Part II of the thesis (Chapters 5 and 6), we turn
our attention to alternative beam-induced melt-mediated crystallization techniques that
operate at longer time scales. This chapter provides a background on the fundamentals of
the approach (namely that of mixed-phase solidification), discusses related techniques that
have been attempted previously, and the limitations associated with them. We then present
the concept of the approach and the preliminary results of our new continuous-wave (CW)
laser-based method. In Chapter 6, we extend the concept further by utilizing a flash-lamp-
based crystallization system that may be more suitable for volume manufacturing.
It is important to note that while the fundamental crystallization-related details pre-
sented in Part II are different from the previously presented techniques, the overall goal
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remains the same: to create Si thin film material that may enable the monolithic integra-
tion of 3D-ICs, as well as high-performance large-area electronics.
5.1 Introduction
As discussed previously, a far-from-equilibrium environment is encountered in the melt-
ing and solidification of thin films via excimer laser irradiation. This is due, in part, to
the rapid heating and cooling generated inevitably by the short laser pulse (on the or-
der of tens of nanoseconds) and the efficient heat conduction from the film into the cold
substrate, which leads to extremely rapid quench rates. In contracts to this scenario, we
focus primarily in this chapter on crystallization taking place under closer-to-equilibrium
conditions via radiative heating from a moving continuous-wave (CW) laser source. In
particular, we exploit a phenomenon whereby coexisting solid-liquid regions are present in
radiatively melted Si films, which was discovered in the early 1980s [81]. (Some of the
inherent fundamental aspects exhibited in this scenario provide one with an opportunity
to crystallize Si thin films with certain sought-after microstructural attributes.) A method
conceived based on this well-known phenomenon was developed, referred to as mixed-phase
solidification (MPS) [45]. In the following sections we provide a background on the related
crystallization methods investigated prior to MPS (specifically, directional solidification via
zone-melting recrystallization), the MPS method itself, and a description of the microstruc-
tural attributes of films crystallized via these methods. We illustrate how the materials
provided by these techniques, and the techniques themselves, may not be quite optimal
for manufacturing 3D-ICs. In the second half of this chapter, we present the experimental
results and associated analysis of a newly-developed technique that is aimed at combining
the positive characteristics found in several of these previous approaches, while eliminating
some of the less desired traits.
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5.2 Background
In the last four decades, several related approaches have been investigated that focused
on utilizing continuous (as opposed to pulsed) radiative heating sources to crystallize Si
thin films. These can be categorized into two general areas. The first is that of directional
solidification, while the second, more recent, scheme corresponds to mixed-phase solidifi-
cation (MPS). In this background section, these techniques are presented and discussed in
detail.
5.2.1 Zone melting recrystallization (ZMR) of Si films; directional solid-
ification using continuous-heat sources
Direction solidification, or “zone-melting recrystallization” (ZMR), is a process in which
a narrow molten zone is produced in a thin film and is scanned across the sample. This
results in a film that consists of directionally solidified and elongated grains. The ZMR
process can be accomplished in a straightforward manner using several different heat sources:
laser, electron beam, arc lamp, hot wire, or graphite strip-heater (among others). Here we
focus on the two main methods in which either a laser or graphite strip-heater is employed
to perform directional solidification of the films.
5.2.1.1 ZMR using a CW-laser source
Beginning in the late 1970s, researchers began investigating the possibility of utilizing
CW-lasers to crystallize Si thin films [82, 83]. Many of these and subsequent efforts were
specifically focused on providing materials for monolithic 3D-integration due to the ability
of the laser to melt Si thin films without exposing the underlying substrates to elevated tem-
peratures. These efforts included: fabricating gratings into the substrate and performing
ZMR on films that were deposited on these relief structures (a process known as “graphoepi-
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taxy”) [75,83–85], patterning the film itself and processing via ZMR [82,86], and patterning
anti-reflective coatings on top of the Si film [87].
These methods were successful at improving not only the quality of as-deposited films,
but also in offering films with characteristics superior to those prepared via the solid phase
crystallization (SPC) method. Due to the scanning nature of the process, directionally
solidified films typically consist of large, highly elongated grains. As was discussed earlier
in Chapter 3, this type of microstructure offers lower effective resistance to the flow of
electrons, and hence, exhibits higher electron mobility. However, the grains created via
the ZMR process are also typically highly defective and contain a random distribution of
surface orientations. In addition, seeding from a preferred orientation is not possible in this
case, as the orientation is quickly and eventually lost due to the grain-twisting behavior
observed during lateral growth of thin films [9].
In an effort to further improve the microstructure of processed films, as well as to
eliminate the throughput issues associated with laser-induced ZMR, researchers turned to
graphite strip-heaters.
5.2.1.2 ZMR using a graphite strip-heater
Fundamentally, performing ZMR with a graphite strip-heater/oven is qualitatively sim-
ilar to utilizing CW-laser sources, (i.e., a fully molten zone/area within the film is created
and scanned across the sample). However, in order to achieve melting via a graphite strip-
heater (which is essentially a carbon sheet or string resistively heated by passing several
hundred amps of electrical current through it), the substrate/film sample is typically heated
to temperatures as high as 1300◦C [88]. Additionally, in part to reduce the density of de-
fects encountered in laser-ZMR (where the scanning speed is generally faster), scanning
speeds employed in graphite strip-heater ZMR tended to be much slower, typically less
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than 1 mm/sec. The combination of high pre-heating temperatures and slow scan speeds
yielded high-quality films which possessed large, subgrain-boundary-free grains [8, 9, 48].
In fact, under certain optimal conditions, it was found that the resulting films were also
predominantly (100) surface-textured [88].
From a microstructural perspective, the directional material generated via ZMR process-
ing with a graphite strip-heater could be considered sufficient for 3D-integration. However,
this material could only be generated under extreme processing conditions, namely that of
sustained/high temperature pre-heating of the substrate and very slow scan speeds. Both
of these conditions preclude this method from being used in 3D-IC fabrication.
5.2.2 Mixed-phase solidification of Si thin films
Around the time that researchers were investigating the possibility of utilizing CW-lasers
to execute directional solidification of Si films, other groups were beginning to observe and
explain a highly unusual behavior involving stable coexistence of solid-and-liquid regions
encountered in radiatively heated Si thin films. This unusual phenomenon can result when
an optical beam of sufficient intensity is utilized to induce gradual heating and eventual
melting of a Si film on an inert substrate (such as SiO2). It was found that the stable coex-
istence of solid and liquid regions was observed over a relatively wide range of the incident
beam intensity [89] (Figure 5.1a). Regarding this phenomenon, at least the steady-state
aspect was macroscopically accounted for by Hawkins and Biegelsen [81] in terms of the
abrupt increase in the reflectivity of Si upon melting (Figure 5.1b. Later, it was microscop-
ically treated by Jackson and Kurtze [90] using a Mullins-Sekerka-type interface instability
analysis [91]. Also, the materials resulting from single-exposure experiments conducted on




Figure 5.1: (a) The observation of coexisting solid and liquid regions
within a Si thin film undergoing radiative heating, by Bösch and Lemons
[89]. (b) The plot of sample temperature versus incident laser power devel-
oped by Hawkins and Biegelsen [81].
Based on these observations, researchers have made attempts to exploit this phenomenon
to create Si thin films for use in various microelectronics applications. Initial efforts involved
crystallizing a small area of the film via a spot-focused laser beam [92, 93]. These studies
were fruitful in demonstrating the potential capability of the technique, but were limited
in that the material produced consisted of non-uniform, relatively small grains, all with a
varying crystallographic surface orientation. In order to eliminate these characteristics, a
more recent technique referred to as “multiple-exposure mixed-phase solidification” (multi-
MPS) was developed.
This approach consists of repeated exposures of initially amorphous Si films on SiO2 un-
der the previously mentioned solid-liquid coexisting condition, and can lead to the formation
of polycrystalline Si films with a unique set of often sought-after microstructural attributes.
When implemented optimally, this approach yields mostly equiaxed large-grained poly-
crystalline material. These grains are highly surface-textured in that the surface-normal
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(a) (b) (c)
Figure 5.2: Summary of the microstructure generated by the multi-MPS
process. (a) SEM micrograph of a heavily defect-etched sample, (b) EBSD
map (normal-direction shown) showing (100) surface-texture, and (c) TEM
micrograph of lightly defect-etched sample [45].
direction of the grains fall essentially all within 15◦ of the 〈100〉 pole. In contrast to the
surface-normal orientation, the in-plane orientations of the grains were found not to be tex-
tured. Finally, it was shown that multi-MPS generated grains were mostly devoid of various
intragrain defects such as twins, stacking faults, subgrain boundaries, and dislocations [45].
These microstructural characteristics are seen in Figure 5.2. Further in-depth discussion
of the multi-MPS process, the experimental implementation, as well as the fundamental
details regarding the method can be found elsewhere [45,94].
The microstructural attributes associated with films that have been processed via multi-
MPS qualify these films as (1) the best precursor material for generating location- and
surface-orientation-controlled intragrain-defect-free (SOI-quality) single crystal regions via
the hybrid SLS method (see Chapter 4) [44], and (2) a good seed layer for subsequently
epitaxially fabricating Si film-based solar cells on low-cost and large-area substrates [95].
Nevertheless, these films cannot be identified as being wholly suitable for high-performance
3D-ICs/microelectronics as the location of the grains (and hence, grain boundaries) is es-
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sentially random. This feature could potentially lead to an unsatisfactory level of device-
to-device uniformity, as transistors placed within different regions of the film would exhibit
differing levels of performance. A device whose active channel contains a grain boundary
perpendicular to the current flow would, for instance, exhibit inferior characteristics to one
placed entirely within an MPS grain (Figure 5.3a).
Both the directional solidification (when implemented via ZMR) and multi-MPS meth-
ods have been shown to be microstructurally limited in terms of providing films for 3D-ICs.
In the following sections, we describe an approach that aims to combine these two ap-
proaches in order to yield Si thin films that may be utilized in monolithic 3D-integration.
5.2.3 Proposed concept: advanced mixed-phase solidification
In this chapter, we utilize a CW-laser beam with a Gaussian profile at appropriate
power conditions to process Si thin films via advanced mixed-phase solidification. The goal
of this is to generate a completely molten area that is surrounded by a region undergoing
mixed-phase solidification. There are two reasons for doing this, both of which are aimed
at eliminating the unwanted aspects of the above methods. First, by using a Gaussian
beam, one would be able to continuously seed from {100} surface-oriented grains (and thus
avoid the issue of generating randomly oriented grains, as encountered in the ZMR process).
Second, by precisely controlling the shape and location of the molten portion of the film,
one can partially dictate the shape of the solid/liquid interface to produce a microstructure
consisting of elongated grains with parallel grain boundaries, thus partially eliminating the
random grain boundary location issue in multi-MPS.
With such a grain morphology, transistors can be placed systematically within the crys-
tallized area while maintaining a sufficient level of uniformity. Grain boundaries would
still be present within the active channel region, but would be oriented parallel to the di-
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(a) (b)
Figure 5.3: The effect of grain boundary structure on device performance
and uniformity. (a) The location of transistors placed randomly within
multi-MPS processed material directly impacts their performance. Devices
placed entirely within one grain exhibit different performance compared
to those whose active channel contains a grain boundary perpendicular to
the direction of current flow. (b) When the grain morphology consists of
elongated grains with parallel grain boundaries, randomly placed transis-
tors (whose current flow is parallel to the grains) exhibit similar levels of
performance to one another, and uniformity is increased.
rection of current flow (Figure 5.3b). The performance of transistors has been shown to
be relatively insensitive to the density of grain boundaries oriented in such a manner [59].
Additionally, non-uniformity stemming from varying crystallographic orientations would be
largely avoided, as all the grains would essentially be {100} surface-oriented.
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5.3 Experimental details
5.3.1 CW-laser irradiation system
The advanced mixed-phase solidification experiments were conducted via scanning of a
CW-laser beam with a Gaussian profile in both axes (∼100 µm FWHM with a ∼300 µm
FWHM Gaussian cross section), see Figure 5.4. The system consisted of a diode-pumped
frequency-doubled continuous-wave solid-state laser from Coherent Inc. (Nd:YVO4, 532
nm, and 10.5 W), and the scanning was accomplished via a precision controlled motorized
stage (Figure 5.5). 619nm-thick dehydrogenated amorphous Si films were prepared on SiO2-
buffer-layer-coated quartz substrates using a standard PECVD method. The samples were
scanned in air at various power levels over a range of scanning speeds (from ∼10 µm/sec
to over 100 µm/sec), all without any preheating of the substrates. Additionally, in order to
observe the directional-MPS process, an in situ microscopy system was utilized [89]. After
the scans, the surface-oxide generated during the melting and solidification process was
removed by dipping in buffered-hydrofluoric solution, and the samples were analyzed using
the EBSD techniques discussed earlier in this thesis.
5.3.2 In situ observation system
The in situ viewing system was comprised of an Olympus SZX stereomicroscope (see
Figure 5.5b) that was focused on the region of the film being irradiated by the CW-laser
beam. A color SPOT Insight CCD camera was used to digitally capture videos and still-
images of the in situ melting and solidification processes.
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(a) (b) FWHM≈100 µm
(c) FWHM≈300 µm
Figure 5.4: Representation of the CW-laser beam profile used in this
work. The arrow indicates the scanning direction. The profile is essentially
Gaussian in both x and y directions. (a) the intensity distribution in the
plane of the sample being crystallized is plotted (red corresponds to higher
intensity). (b) is a cross-sectional view of the beam profile in the direction
perpendicular to the scanning direction, while (c) is a cross-sectional view
of the beam profile in the direction parallel to the scanning direction.
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(a)
(b)
Figure 5.5: The CW-laser system used in this work. (a) is a photograph of
the system, whereas (b) is a schematic diagram. A long-distance microscope
(not shown in the photograph) was utilized to observe the melting and
solidification behavior in situ.
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5.4 Results
5.4.1 Surface orientation analysis of crystallized regions
One representative set of results obtained using a 10 µm/sec scan rate with varying
laser powers (fluences) is presented in Figure 5.6 (normal-direction shown). The scanning
direction was from the bottom of the page to the top of the page. The most noteworthy
aspect of the EBSD images is that of the preponderance of (100) surface-textured grains.
This dominant feature can be seen in the entire range of incident laser powers. Next, the
grain structure is seen to change as the fluence is increased. At relatively lower fluences
(Figures 5.6a-5.6c), the edge of the scanned region consists of smaller, equiaxed grains. The
center of the scanned regions (at lower fluences) consists of much larger, but still relatively
equiaxed grains. As the fluence is increased (Figure 5.6d), the edge regions still consist of
smaller equiaxed grains. However, the overall width of these regions steadily decreases as
the power is increased until they are almost unobservable (Figures 5.6f and 5.6g). In the
center region of the higher power scans, the grains seem to exhibit more “directional”-like
behavior in that they are elongated in both the scanning direction and towards the center
(from left to right) of the scanned region. Additionally, these grains are slightly less (100)
surface-textured (compared with the center regions of scans at lower incident laser powers).
5.4.2 In situ observation during the solidification process
An in situ microscopy system was utilized to directly observe (and thereby elucidate)
the melting and solidification dynamics during the CW-laser scans. Still-shots of the area
being irradiated are presented as black body emission images in Figure 5.7 (i.e., as the scan
was in progress, a real-time movie of the irradiated area was digitally recorded and frames
from that recording were selected for the following examination and analysis). The scanning
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(a) 6.1 W (b) 6.3 W (c) 6.5 W (d) 6.7 W
(e) 6.9 W (f) 7.1 W (g) 7.3 W
Figure 5.6: EBSD maps (normal-direction shown) of regions that have
been processed via advanced mixed-phase solidification at (a) 6.1 W, (b)
6.3 W, (c) 6.5 W, (d) 6.7 W, (e) 6.9 W, (f) 7.1 W, (g) 7.3 W CW-laser
powers. The scanning velocity was 10 µm/sec (scanning direction was from
bottom to top of the page).
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direction was from the bottom of the page to the top of the page. At lower fluences, the
entire irradiated area consists of periodically spaced coexisting solid and liquid lamellae, as
seen in Figures 5.7a and 5.7b. (Due to the fact that the emissivity of solid Si is greater than
that of liquid Si, the bright areas correspond to solid Si while the dark regions correspond
to supercooled liquid Si.)
As the laser power is increased, the overall size of the molten area increases as well. With
increasing power, the fraction of solid in the central region decreases while the fraction of
liquid in this area commensurately increases (Figures 5.7c-5.7f). Both the melting and
solidification fronts consist of interspersed solid and liquid. However, the solids in the
solidification front (bottom of the images) tend to be elongated in the direction of the scan,
as opposed to relatively equiaxed in the case of lower fluences (the melting front also exhibits
this morphology, but to a lesser extent than the solidification front). At higher powers
(Figures 5.7g and 5.7h), the central area of the irradiated region is completely devoid of any
solids. The melting and solidification fronts exhibit qualitatively similar behavior to that
described above, but the “directionality” in the solidification front is much more evident. At
very high laser powers (Figure 5.7i), virtually the entire melting-affected area is exclusively
liquid, save for the very edges of the melting and solidification fronts. Additionally, at higher
powers agglomeration (i.e., beading up) of the film is observed. Note: the data presented in
Figures 5.6 and 5.7 are not from the same sample, but samples that were processed under
similar conditions.
5.5 Discussion
An appropriate way to begin the discussion, and to account for the observed behavior
presented above, is by evaluating the temperature profile of the films undergoing CW-laser
processing based on the in situ data. Such an exercise should ultimately aid in explaining
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(a) 4.9 W (b) 5.1 W (c) 5.2 W
(d) 5.3 W (e) 5.4 W (f) 5.6 W
(g) 5.8 W (h) 6.0 W (i) 6.2 W
Figure 5.7: Black body emission in situ images taken while the CW-laser
scan was in progress. Shown are laser powers of (a) 4.9 W, (b) 5.1 W,
(c) 5.2 W, (d) 5.3 W, (e) 5.4 W, (f) 5.6 W, (g) 5.8 W, (h) 6.0 W, (i) 6.2
W. Bright regions correspond to superheated solid Si while dark regions
correspond to supercooled liquid Si. The scanning velocity was 100 µm/sec
(scanning direction was from bottom to top of page).
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both the strongly (100) surface-textured grains and the dependence of the grain morphology
on the incident laser fluence.
5.5.1 Thermal profile analysis of irradiated regions
The schematic diagrams shown in Figures 5.9- 5.11 correspond to cross-sectional thermal
profiles expected in the planes parallel and perpendicular to the scanning direction of the
laser beam (as illustrated in Figure 5.8). These represent the quasi-steady-state temperature
distribution within the irradiated region at a moment in time. The beam profile in both of
these directions is essentially Gaussian, but with differing FWHM values (see Section 5.3.1).
5.5.1.1 Low laser-intensity regime
At lower powers, the in situ data revealed that the entire irradiated area consisted of
mixed-phased regions (coexisting solids and liquids). It has previously been shown that
the temperature of Si in these regions is a constant value, specifically the melting point
of Si [81]. This is reflected in the thermal profile diagrams in Figure 5.9; the temperature
reaches a maximum constant value from the left edge to the right edge of the irradiated
region. Beyond these edges, the temperature is not sufficient to induce any melting. Moving
further from the incident laser beam, the temperature is approximately proportional to the
distance away from irradiated area, as is reflected in the gradual decrease of the temperature
further away from the central mixed-phase region. At distances sufficiently far from the
irradiated region, the temperature asymptotically approaches room temperature. Parallel
to the direction of the scan, the inner region also reaches a maximum constant temperature
corresponding to the melting point. Again, further away from the beam the temperature
drops off and eventually saturates at room temperature. However, there is an asymmetry
in this thermal profile, due to the non-zero forward velocity of the sample with respect
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(a) (b)
Figure 5.8: Schematic diagrams depicting the cross-sectional thermal pro-
files that are analyzed via in situ data where (a) the thermal profile per-
pendicular to the scanning direction, and (b) is parallel to the scanning
direction.
to the beam (this asymmetry is discussed in much further detail elsewhere [94]). Because
of this, the melt front (the top of the image in Figure 5.9) experiences a sharper increase
in temperature when compared to that of the solidification front (bottom of the image in
Figure 5.9). The transition from solid to liquid is initially abrupt as the film undergoes
rapid heating from room temperature to the melting point of Si. However, solidification is
allowed to proceed more gradually because the area under the beam remains at the melting
temperature as the scan proceeds. As the beam continues onward, the area left behind
slowly cools as the retained heat is dissipated.
5.5.1.2 Intermediate laser-intensity regime
As the power was increased, it was noted that the grains on the interior of the irradiated
region exhibited a more “directional-solidification”-like appearance. The corresponding in
situ data showed that as the fluence was raised, there was a decreasing amount of solid and
increasing amount of liquid. The thermal evaluation of this power regime reveals that the left
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Figure 5.9: Temperature distribution within the film during Gaussian
beam CW-laser processing under low fluence with corresponding in situ
image. The variation in temperature across the scanned region is due to
the Gaussian profile of the irradiating laser beam.
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and right edges of the irradiated area look qualitatively identical to the lower-power regime,
but the width of these constant-temperature regions shrinks. However, the temperature
within the central region is no longer constant. Only the periphery of the central region is
at an approximately constant temperature, while the middle is at an elevated temperature,
above the melting point [96,97]. This corresponds the lack of coexisting solids and liquids;
instead, this region is entirely liquid. The thermal profile in the scanning direction shows
similar behavior.
5.5.1.3 High laser-intensity regime
At very high fluences, the in situ observation revealed that virtually the entire irradiated
region was completely liquid except for the very edges of the melting and solidification
fronts. The corresponding thermal evaluation of this situation (Figure 5.11 shows that in the
perpendicular direction to the scan, the entire irradiated area is above the melting point. In
the scanning direction, there are small constant-temperature regions (surrounding a region
in which the temperature is above the melting point) which correspond to MPS occurring
during melting and solidification. That the temperature profiles (in both directions) exhibit
these shapes can be attributed to the Gaussian profile of the laser (i.e, the temperature at
the center of the beam is higher than at the sides).
We now use the above thermal considerations to explain the observed EBSD behavior
presented in Section 5.4.1.
5.5.2 Explanation of observed microstructure in advanced MPS processed
films
Based on the thermal considerations discussed in the previous section, we can account for
the strong surface texturing in the EBSD maps, as well as the commensurate morphological
5.5. DISCUSSION 74
Figure 5.10: Temperature distribution within the film during Gaussian
beam CW-laser processing under medium fluence with corresponding in
situ image.
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Figure 5.11: Temperature distribution within the film during Gaussian
beam CW-laser processing under high fluence with corresponding in situ
image.
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changes associated with increases in laser power.
5.5.2.1 Origin of (100) surface-texturing
At lower intensities, the strong (100) surface-texturing (Figure 5.6a) can be simply
explained by noting the fact that virtually the entire irradiated area is undergoing MPS
(see Figure 5.9). It has been demonstrated previously that initially amorphous (or small
grained) films processed in the MPS regime will melt and solidify in such a way as to produce
crystallized films with primarily (100) surface-texture [45, 94]. As the fluence is increased,
a completely molten region in the center of the irradiated area begins to appear. This
completely molten region must undergo “directional” lateral solidification from those grains
that reside outside of the region. As was discussed in Section 5.2.1, purely directionally
solidified films using a linear beam typically and eventually exhibit a random distribution
of surface orientations. However, in the present case, the directionally solidified grains are
constantly being seeded from the edges of the irradiated area. Since these edge areas are
undergoing MPS (Figure 5.10), and hence are preferentially {100} surface-oriented, the
directionally grown grains inherit this seed orientation upon growth and solidification. At
very high fluences (Figures 5.6g and 5.11), there still exists some finite region of MPS
at the edge of the scanned area. As such, the {100} surface-oriented seeds from which
directionally grown grains can solidify are still present, although fewer in number. Because
of this, several non-{100} surface-oriented grains are seen to have emanated from the side
region and propagated (via directional solidification) into the central area (Figure 5.6g).
To summarize the surface-texturing behavior encountered in the present case: at all laser
powers above a minimum threshold energy density, grains being solidified via MPS exist at
the periphery of the scanned area that lead to preferentially (100) surface-textured-grown
grains in the interior of the irradiated region.
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5.5.2.2 Grain morphology
It was noted in Section 5.4.1 that the shape of the grains is dependent on the laser
power. This phenomenon can be explained by applying a similar type of analysis to that
presented above. At scans with lower fluence, it was seen that the grains throughout the
irradiated area tend to be somewhat equiaxed. This can be accounted for again by noting
that according to the thermal evaluation (Figure 5.9), the entire region is undergoing MPS.
It has been shown that MPS tends to produce relatively uniform grains, and a similar effect
is encountered here [45,94]. When the laser power is increased, the melt pool is characterized
by an MPS region on both the left and right side of the scan, with a completely liquid area in
the center. Because of this, the periphery of the area scanned via the laser contains small,
equiaxed grains while the center (which was all liquid) undergoes essentially controlled,
lateral, and directional solidification. This is microstructurally manifested as the highly
elongated grains that approximately align at a skewed angle to the direction of the scan
(as a consequence of the overall shape of the molten zone). Upon increasing the laser
power further, the MPS region on the left and right sides decreases and the “directional”
microstructure dominates almost the entire solidified area (Figure 5.6g).
Due to the Gaussian profile of the laser beam, there is a non-uniform energy distribution
within the irradiated area. As such, different portions of the film undergo different melting
and solidification pathways commensurate with the amount of energy incident upon that
particular region. Areas in which the energy density lies within a certain threshold value
undergo MPS, while areas that receive a higher energy density undergo lateral directional
solidification. Based on the shape of the Gaussian beam, higher energy densities are always
encountered in the center of the scanned region. For this reason, small, equiaxed regions
exist at the edges, and depending on the laser power, a directionally solidified region in the
center.
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5.5.3 Suitability for 3D-IC manufacturing
At optimal laser power conditions, the above method can provide Si films that con-
tain relatively clean, directionally solidified grains, with a strong (100) surface-texture.
While this approach represents an improvement over the previously attempted techniques
(namely ZMR, directional SLS, and MPS), the method has its limitations. The above
method successfully addresses one of the main issues associated with directional solidifica-
tion, specifically that of orientation control. Because the directional region in this case is
continually being seeded from (100) surface-textured regions, the grain-twisting aspect of
ZMR-crystallized films is largely eliminated. What is ultimately desired, however, is an
approach that can generate location-controlled grain boundaries (i.e., location controlled
single-crystal regions, as, for instance, can be accomplished using the hybrid-SLS method).
In the following section, we present preliminary results obtained from a variation of the
advanced mixed-phase solidification method that employs prepatterning of the films to po-
tentially address this limitation of the current technique.
5.5.3.1 Location-controlled single crystal regions
As outlined above, the center region (under the appropriate laser powers) of the irradi-
ated area contains laterally grown, directional grains. While the presence of these grains can
essentially be controlled via adjustments to the laser power, the exact solidification pathway
that they take is still quasi-random (in that solidification preferentially occurs towards the
middle region and simultaneously towards the scanning direction). A way to control the
location of these grains is to create a grain filter in the completely molten portion of the
film such that only one grain can grow into a well-defined, specified region. To accomplish
this, prepatterned channels in the film were fabricated and then processed via the CW-laser
scanning process presented earlier in this chapter.
5.5. DISCUSSION 79
Figure 5.12: EBSD map (normal-direction shown) of a region that has
been prepatterned and subsequently processed via CW-laser scans. Some
of the channels in the center area consist of a grain-boundary-free single
crystal region which is {100} surface-oriented.
Specifically, 10 µm long channels of varying widths (2–10 µm) were patterned in an
a-Si thin film (the patterning was performed in a manner similar to that presented in
Section 3.3.1). The EBSD map (normal-direction shown) in Figure 5.12 shows the results
of performing CW-laser scans on this type of structure. It can be seen that some of the
channels in the center region consist entirely of a single {100} surface-oriented grain (i.e., no
grain boundaries are present). As such, devices placed within these predetermined locations
could potentially exhibit superior performance compared to randomly placed devices within
material described in the previous section.
However, what can also be observed in Figure 5.12 is that not every channel is grain-
boundary-free. The result presented here is only meant to show the potential of the
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prepatterning-based advanced MPS approach. Additional process optimization and future
work is required, but these preliminary efforts suggest that this technique could provide a
viable crystallization method for 3D-integration.
What can be gleaned and taken away from this work, is the feasibility of continuously
seeding directionally grown grains from (100) surface-oriented regions. What remains is to
leverage this concept/result and develop a method that takes advantage of this phenomenon
in a more time-efficient manner. (The CW-laser scans performed in this chapter were on the
order of tens or hundreds of µm/s and thus could not process a large area in a reasonable
amount of time.) Such an approach is the focus of the following chapter, whereby a flash-
lamp annealing system is utilized to crystallize Si films with location-controlled regions that
are ultimately endowed with a set of microstructural characteristics that qualify these areas
for candidates from which to fabricate 3D-ICs. Furthermore, and contrary to the present
case, the method presented in next chapter is shown to be capable of being implemented in
a manner that can satisfy high-throughput manufacturing requirements.
5.6 Summary
In this chapter we outlined several continuous-heating-based crystallization methods
that have been previously investigated, with particular focus on the ZMR and MPS ap-
proaches. It was shown that these techniques had process- and microstructure-related
drawbacks that prevented them from being considered as ideal for 3D-integration. To solve
the issues associated with these methods, a new crystallization approach, referred to as
“advanced mixed-phase solidification” was proposed and demonstrated. By scanning a-Si
films with a Gaussian-shaped laser beam, it was found that large, clean, and predominantly
(100) surface-oriented grains could be obtained. Additionally, it was observed that the re-
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sulting texture and grain morphology were dependent on the laser power used to crystallize
the films. In order to account for this trend, a thermal evaluation was conducted which
fully explained the experimentally observed behavior. The method in its current form was
evaluated as being still lacking for creating ideal 3D-IC-enabling material. An alternative
method was introduced which entailed prepatterning the Si film, such that a channel within
the region undergoing complete melting during the CW-laser scan acted as a grain filter.
In conclusion, the work presented in this chapter provided a conceptual and experimental
basis to further develop an optimal manufacturing method, which is the focus of the next
chapter.
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Chapter 6
Advanced MPS of Si films via
flash-lamp annealing (FLA)
As was described in the previous chapter, the scanning of a-Si thin films with a CW-
laser can provide one with a range of different microstructures, depending on the extent of
melting determined by the exact processing conditions. While some of the microstructural
characteristics obtained via this method may be well suited for 3D-ICs, there are other
aspects of this approach (both fundamental and technical) that are less well-matched for
3D-integration. In this chapter, we aim to leverage the results obtained from the CW-
laser scan experiments and the mixed-phase solidification (MPS) phenomenon by utilizing
an alternative route to implement the advanced MPS approach, namely one that employs
flash-lamp annealing (FLA), in an effort to provide such material more efficiently for 3D-ICs
in a cost-effective manner.
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6.1 Introduction
It has been demonstrated that the MPS approach is uniquely capable of generating
large-grain, highly {100} surface-textured films that are predominantly devoid of intragrain
defects [45]. While all of these attributes are highly sought after in terms of 3D-ICs, the
location of the grain boundaries (and hence, the grains themselves) created by a conventional
MPS process is essentially random. This aspect can potentially adversely affect device-to-
device uniformity in the subsequently fabricated electronics. It was observed in the previous
chapter that scanning a CW-laser (with a Gaussian profile) on an initially a-Si film under
appropriate conditions can lead to the generation of such materials with a more controlled
microstructure (i.e., locally directional and not equiaxed). As a means to control the location
of grain boundaries and to crystallize regions within which sufficiently uniform transistors
can be fabricated, and to do so in a manner more time-efficiently and cost-effectively, we
propose and demonstrate in this chapter a flash-lamp-based irradiation scheme as a means
to implement the advanced MPS approach.
6.2 Background
As discussed previously, the crystallization of a-Si for use in thin film transistors (TFTs)
is currently an active area of research for commercial applications (most notably, flat panel
displays). In terms of manufacturing, two main approaches are being utilized – laser-based
melt-mediated methods, and the solid-phase crystallization (SPC) method [98, 99]. The
technical details of these methods can be found elsewhere; here we focus instead on the
materials- and manufacturing-related implications of these techniques.
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6.2.1 Manufacturing-implemented crystallization techniques
The two primary laser-based methods are that of excimer laser annealing (ELA) [100],
and sequential lateral solidification (SLS) [42, 101]. ELA is capable of producing films
with small, equiaxed grains and a relatively rough surface. These films typically exhibit
sufficient mobility for TFTs (∼100 cm2/Vsec) that have sufficient uniformity. The particular
variation of SLS currently being utilized in production (referred to as “2-shot” SLS) can
produce large, periodic grains with periodic protrusions. The mobility afforded by these
larger grains can be greater than that of materials generated via ELA (∼200cm2/Vsec),
and these grains are also sufficiently uniform for TFTs. While these two methods offer the
ability to produce films with quasi-suitable microstructural characteristics, the associated
manufacturing equipment (i.e., the laser system and necessary optics) is expensive, and the
operating/running costs can also be substantial. Conversely, the SPC method endows Si
thin films with a microstructure that consists of highly defective, small grain material. As
such, devices fabricated from such films exhibit low mobility and high leakage current. The
benefits, however, of SPC lie with the relative ease of processing and cost-effectiveness of
the required equipment.
What is ultimately desired is an approach that combines the beneficial traits of each
of these techniques, all while eliminating the undesired aspects. One path to combining
the pros of each of these methods (i.e., the high-quality material obtained via the laser-
based approach and the economic benefits of SPC systems) while avoiding the cons (i.e.,
the expense of laser systems and the microstructural limitations provided by SPC) is that
of a flash-lamp irradiation system.
Utilizing a flash-lamp to heat and crystallize a-Si films can be recognized as an interesting
and noteworthy exercise for a number of reasons: (1) it was demonstrated as a viable
crystallization method nearly thirty years ago [102, 103], (2) it is an extremely flexible
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technique capable of being used for solid-phase as well as melt-mediated crystallization of a-
Si films [45,104–106], and (3) the irradiation-system-related components are well-developed
as a consequence of the flash-lamp annealing method being evaluated and developed for
the semiconductor manufacturing industry [107]. However, as is discussed in the following
section, the current implementation of this approach is not quite suitable for crystallizing
Si thin films that would ultimately be used for 3D-ICs.
6.2.2 Limitations associated with flood irradiation using FLA
Currently, flash-lamp crystallization is typically accomplished utilizing “flood” irradi-
ation. In this scheme, to the extent afforded by the power of the system, a large area of
the film (which can be greater than several tens of square centimeters) is exposed to an
approximately uniform irradiation fluence. Similarly to the single CW-laser scans presented
in the previous chapter, Si thin films with different microstructural characteristics can be
generated depending on the energy density used for crystallization. Three notable examples
of a-Si thin films crystallized via flash-lamp crystallization can be seen in Figure 6.1.
At lower energy densities (Figure 6.1a), the film is not heated sufficiently to induce
any melting but undergoes SPC (as indicated by the very small grains and high density of
intra-grain defects). At an intermediate energy density (Figure 6.1b), the fluence lies within
the mixed-phase solidification (MPS) processing window, and the microstructure features
large, strongly (100) surface-textured grains, with randomly located grain boundaries and
protrusions. When the film is irradiated with higher energy densities (Figure 6.1c), complete
melting of the film occurs. The resulting nucleation-initiated grains are large, relatively
defective, and have essentially a random surface orientation. Additionally, films irradiated






Figure 6.1: Microstructural details of Si thin films crystallized via flash-
lamp flood irradiation at a (a) low, (b) intermediate, and (c) high fluence,
respectively. At low fluences, (a), the film is crystallized via SPC only.
When the fluence is increased, (b), the film undergoes MPS. When the
fluence is sufficiently high, (c), complete melting of the film occurs. A
crack (indicated by the arrow) is evident in the optical microscope image
(left), while the EBSD image on the right (normal-direction shown) shows
large, randomly oriented grains.
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The deficiencies in these types of microstructures (relating to the successful fabrication
of 3D-ICs) have been discussed elsewhere in this thesis. What is presented in this chapter
is a modification to the promising flash-lamp-based crystallization approach used currently,
in order to provide Si thin films with an improved and more tailored set of microstructural
elements for 3D-ICs.
6.2.3 Proposed concept: advanced MPS via FLA processing
In this chapter, we re-introduce the concept of, and demonstrate the controlled lateral
solidification (referred to as controlled super-lateral-growth (C-SLG)) of a-Si films using a
flash-lamp as the heating source for crystallization. We point out and demonstrate how this
approach is essentially a variant of the advanced MPS technique (presented in the previous
chapter), whereby a completely molten zone surrounded by a region undergoing MPS is
created. Furthermore, we show that by utilizing this method, low-defect-density Si films
are created in the process. Before the experimental details are presented, a brief review of
the C-SLG phenomenon is given.
6.2.3.1 Controlled super lateral growth (C-SLG)
Controlled super-lateral growth (C-SLG) (which was discussed in more detail in Sec-
tion 3.2.1.1) of a-Si films is a melt-mediated thin film crystallization approach (having
typically been implemented via pulsed lasers) that has been studied extensively in the
past [7, 53]. By systematically manipulating and controlling the locations, shapes, and ex-
tent of melting induced by the incident beam, the C-SLG approach can generate regions
with low structural defect densities. Specifically, the method takes advantage of the fact that
when one controls the locations of the Si film within which complete melting is induced, the
resulting solidification will proceed via lateral growth to generate a polycrystalline material
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with large and elongated grains.
6.2.3.2 Potential benefits of FLA-based C-SLG approach
We have chosen to utilize a xenon-arc-lamp-based approach as it can potentially lead
to cost-effective and high-throughput processes and systems; these lamps can deliver large
amounts of optical power over an extremely wide range of MPS/C-SLG-suitable pulse dura-
tions (tens of µsec to msec). These technical specifications mean that a definite possibility
exists here for developing a non-laser crystallization process that can capture the material-
quality-related advantages that are typically associated with laser-based techniques, while
avoiding the associated cost- and system-related disadvantages. Specifically, a flash-lamp-
based C-SLG approach offers the following advantages.
• Location-controlled complete melting of the films (which can aid in controlling and
matching the crystallization areas to align precisely to the location of electronic devices
and components).
• Seed-initiated crystallization via lateral solidification, which can enable long lateral
growth from MPS regions (the benefits of which were discussed in the previous chap-
ter).
• The method can be executed using various inexpensive technical schemes.
• It can potentially lead to materials that enable high-performance transistors.
• The existence of a wide processing window.
In the following sections, we describe how we experimentally implement the C-SLG
approach and demonstrate why the resulting material has microstructural qualities that
may enable the fabrication of 3D-ICs.
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6.3 Experimental details
6.3.1 Flash-lamp annealing irradiation system
The custom-built flash-lamp irradiation system used in this work was comprised of
two independently controllable xenon-arc lamps. This heating system (model FHS-NY-
2) was designed at Columbia University and built in Germany by Rapp OptoElectronic
GmbH, Hamburg. The essential electronic components were integrated together, along
with the optical elements, in a shielded housing. (This was done to prevent electromagnetic
interference effects, which can occur upon triggering a gas discharge lamp). The voltage,
trigger time, and pulse duration for each lamp could be controlled independently. Each
lamp was capable of delivering a pulse (∼50 µsec to 15 msec pulse duration), with sufficient
energy density to induce melting over the entire pulse duration range. A focusing mirror
was positioned around each lamp in order to direct the optical energy towards the sample,
which was mounted in between the two lamps (Figure 6.2b). The beam profile was a skewed
Gaussian, and varies with the pulse duration and applied voltage. The resultant emission
spectrum is comparable with a black-body radiator and includes the wavelengths from 250–
850 nm, with a broad peak observed in the visible range. The energy density was varied
by controlling the discharge voltage of each xenon-arc lamp. In the present work, the lamp
on the back-side of the sample was used to uniformly irradiate the film, while the lamp on
the front-side was used to induce localized melting of the film. The results presented here
correspond to simultaneous irradiation by both lamps, each with a 500 µsec pulse (profile
shown in Figure 6.4), with the back-side lamp being charged to 700 V and the front-side
being charged to 1100 V. Crystallization took place in air without any preheating of the
substrate.
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(a) (b)
Figure 6.2: The flash-lamp annealing system used in this work. (a) is
a photograph of the entire unit. The crystallization chamber (depicted in
(b)) can be seen in the top of the image. (b) is a schematic diagram of the
xenon-arc lamps and focusing mirrors used to direct the energy towards to
the sample. Also shown is the contact mask and the Si thin film sample
(detail seen in Figure 6.3).
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Figure 6.3: A cross-sectional representation of the substrate/film/contact
mask with the film undergoing melting via flash-lamp irradiation.
6.3.2 Mask dimensions and sample configuration
A copper grid with periodically arranged square patterns (with sides measuring either
37, 90, or 200 µm, respectively) was placed on the film to act as a contact mask in order
to induce complete melting in the selectively irradiated areas (while keeping the edge re-
gions at the MPS condition). A schematic diagram illustrating the flash-lamp irradiation
system as well as the contact mask/film setup is shown in Figure 6.3. The samples used
were dehydrogenated 50nm-thick amorphous Si films, prepared on SiO2-buffer-layer-coated
glass substrates using a standard PECVD method. Analysis of the irradiated samples was
performed using plan-view light optical microscopy, SEM, TEM, and EBSD techniques (as
described earlier in this thesis).
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Figure 6.4: Profile of 500 µsec pulse flash-lamp irradiation pulse.
6.4 Results
6.4.1 Optical microscopy of FLA irradiated Si films
Bright-field light optical microscope images of flash-lamp induced lateral solidification
of a-Si thin films using a contact mask with varying square openings (also shown), where
the square side lengths measure of 37, 90, and 200 µm, respectively, are shown in Figure 6.5.
These images clearly reveal the successful execution of the advanced MPS/C-SLG technique
as indicated by the exceptionally long laterally solidified grains. Also noteworthy is the
conspicuous absence of film agglomeration and film cracking.
6.4.2 TEM analysis of the boundary region and laterally grown grains
A TEM micrograph of the advanced MPS processed region (from a 200 µm square
contact mask) is shown in Figure 6.6. The film has been defect etched to reveal grain
boundaries. The image shows the boundary region corresponding to the point at which
lateral solidification is initiated. The micrograph also reveals the high crystalline quality
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(a) (b) (c)
Figure 6.5: Bright-field optical microscope images (contact masks also
shown) of flash-lamp-induced mixed-phase solidification of 50 nm a-Si films
using a contact mask with varying square openings, with square side length
of (a) 37 µm, (b) 90 µm, and (c) 200 µm, respectively.
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of the laterally solidified region (i.e., clean and elongated grains that are relatively free of
intragrain defects). The laterally solidified region consists of grains that are approximately 1
µm wide and tens of micrometers long. This lateral growth region is qualitatively similar to
previously observed directionally solidified Si films obtained by SLS via excimer-laser-based
processing [43].
6.4.3 EBSD analysis of FLA-crystallized regions
The EBSD analysis of a region that has undergone flash-lamp-induced lateral solidifica-
tion (normal-direction shown) is shown in Figure 6.7. The analysis of the crystallographic
orientation of the laterally solidified grains shows that there is a systematic trend associated
with the surface-normal direction of the grains. It can be seen that many of the grains at
the edge of the completely melted region start with {100} surface-orientation, but as the
growth proceeds inward, the (100) texture is eventually and gradually lost (Figures 6.7b
and 6.7c).
6.4.4 Surface morphology of the boundary region and laterally grown
grains
The surface morphology (and the corresponding light optical microscope image) of the
crystallized region is seen in the AFM image shown in Figure 6.8. The AFM analysis reveals
that the surface morphology in the edge area is relatively smooth while the inner area can
be described as being rough with tall protrusions and ridges.
6.5 Discussion
We now begin our discussion in order to explain the observed microstructural data.
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Figure 6.6: TEM micrograph of a flash-lamp-induced advanced mixed-
phase-solidification-processed region. The image shows the boundary region
(left-hand side of the figure) corresponding to the point at which lateral
solidification is initiated. The TEM analysis also reveals the high crystalline
quality of the laterally solidified region. The film has been defect etched to
reveal grain boundaries.
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(a) (b) edge region (c) inner region
Figure 6.7: (a) EBSD map of a region that has undergone flash-lamp-
induced mixed-phase solidification (normal-direction shown). The inverse
pole figure (IPF) of the periphery of the crystallized region, shown in (b)
reveals that the edge of the crystallized region is strongly (100) surface-
textured. The IPF of the inner region, shown in (c), indicates that as
growth proceeds, the (100) texture is lost.
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Figure 6.8: AFM analysis (left image) of a region that has undergone
flash-lamp-induced advanced mixed-phase solidification (shown with the
corresponding bright-field microscope image (right). As growth proceeds
inward, the surface morphology of the crystallized region becomes increas-
ingly rough.
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6.5.1 Extended lateral growth distance
From the crystallization perspective, the most salient characteristic of the process is the
exceptionally long lateral growth distance (∼10s to 100s of micrometers as can be seen in
Figure 6.5) that can be achieved compared to previously demonstrated pulsed-laser-based
C-SLG processes [53]. This result, which is fully expected from thermal and kinetic con-
siderations associated with the encountered experimental conditions (i.e., ∼50 µsec to ∼10
msec pulse duration range), endows the approach with an unprecedented level of flexibility
for generating various high-performance-device-enabling low-defect-density materials.
The maximum lateral growth distance has previously been shown to be sensitive to the
overall cooling rate of the melted area [53], as it dictates the point at which nucleation is
triggered (recall Equation 3.1). In the present case, the temperature of the solid/liquid in-
terface decreases at a reduced rate, due mainly in part to the relatively long pulse durations
encountered in flash-lamp crystallization (compared with the much shorter pulses and cor-
respondingly higher quench rates in excimer-laser-based crystallization). More significantly,
the onset of nucleation is substantially delayed (due to prolonged heating of the area), and,
as a result, lateral growth can proceed relatively farther into the liquid region.
6.5.2 Microstructural characteristics
6.5.2.1 Existence of intragrain-defect-free grains
The TEM analysis (Figure 6.6) revealed exceptionally clean grains in the lateral growth
region. As was mentioned prior, the pulse duration in the present case is relatively long
when compared with that of pulsed-excimer-lasers. Correspondingly, the quench rate of the
films is commensurately lower. This, in turn, dictates that the crystal growth rates involved
in flash-lamp induced C-SLG are slower. It has been shown previously that slow growth
rates typically lead to relatively defect-free grains upon solidification [108].
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Furthermore, and as dictated by the advanced MPS processing conditions, the later-
ally grown grains are essentially being seeded from (100) surface-textured grains. As was
discussed in Chapter 4, intragrain-defect-free grains are often generated when seeded from
solids that are {100} surface-oriented.
6.5.2.2 Appearance of {100} surface-oriented grains
As was seen in the EBSD data of the crystallized region (Figure 6.7), the grains at
the edge of the of the completely melted region were initially {100} surface-oriented. The
prevalence of the initial {100} surface-orientation is attributed to the fact that the condition
at the boundary corresponds to the condition that is needed to induce mixed-phase solid-
ification of Si films; the sudden increase in the value of the reflectivity as the films melts
will lead to the selection and stabilization of the grains that possess thermodynamically
favorable characteristics [45,81,94].
That this region exists can be attributed to the fact that while the fluence is constant
across the entire sample, the region underneath the mask remains relatively cool compared
to the exposed area. Because of this, heat is conducted away from the edge of the exposed
region (into the colder, unexposed area) much more efficiently than the interior. Thus, the
effective energy density incident upon this region can lie within the MPS power window.
This creates an analogous situation to that presented in the previous chapter, whereby
{100} surface-oriented grains exist at the periphery of a completely melted region.
6.5.2.3 Smooth to rough surface morphology transition
The AFM analysis (Figure 6.8) revealed a transition in the surface morphology (i.e.,
smooth to rough) from the edge region to the inner area of the crystallized region. This can
be accounted for by recognizing the fact that the solidification interface undergoes a planar
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Figure 6.9: The solid/liquid interface in flash-lamp-induced advanced
mixed-phase solidification, as a function of time. Initially, the interface is
approximately planar (and thus the surface morphology of the crystallized
region is relatively smooth). As growth proceeds, dendritic breakdown oc-
curs leading to trapped liquid Si, which undergoes a volume expansion upon
solidification. This results in a rough surface morphology in the laterally
solidified region. The arrows indicate the direction of the moving interface
to dendritic transition as the growth proceeds (schematically depicted in Figure 6.9). As
growth proceeds and transitions into the dendritic regime, the nascent dendritic arms act
as sites to trap the remaining liquid Si. Upon freezing, these areas form protrusions and
ridges as Si undergoes a volume expansion during the liquid to solid transition.
6.5.3 Manufacturing considerations and future outlook
Based on these experimental observations and considerations, we identify the near-
transition region as being optimal for making TFTs. This area consists of large, predomi-
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nantly {100} surface-oriented, grains, which are relatively free of intra-grain defects.
With further work, this approach can be modified to meet the production/material
requirements in order to be used in the fabrication of TFTs. One can conceive how (1)
crystallized microstructure/TFT performance, (2) device and circuit layout, and (3) flash-
lamp and beam-related details can all be coordinated and co-optimized to increase the
productivity of the method. (For instance, size and shape of the crystallized region can
be optimized such that the entire area consists of material similar to the “near-transition”
region.) An approach whereby the film is prepatterned in such a fashion that single crystal,
grain-boundary-free regions lie within a predetermined location (see Section 5.5.3.1) can
even be envisioned. Since this method involves the use of field-proven technical components
and fundamentally understood and experimentally established concepts, it can readily be
configured and developed for high-throughput/high-volume manufacturing.
6.6 Summary
The goal of this chapter was to present a more manufacturing-ideal approach to imple-
ment the advanced MPS method, as compared to the one presented in Chapter 5. Specif-
ically, we showed that a flash-lamp can be employed to induce lateral solidification from
{100} surface-oriented seeds in a controlled manner by utilizing a contact mask. The result-
ing laterally solidified microstructure consisted of exceptionally long grains (∼10s to ∼100s
of micrometers) that were relatively free of intragrain-defects. This was attributed to the
effect that the long pulse duration had on the lateral growth and nucleation kinetics. Addi-
tionally, the edge portions of the crystallized regions were found to be predominantly (100)
surface-textured. This was explained in terms of the existence of an MPS region generated
by the enhanced heat flow from the edge of the mask-exposed area into the cooler region
underneath the mask.
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With further development and optimization, the approach may provide engineers with
a robust crystallization technique. This method can lead to cost-effective/high-throughput
processes and systems that can capture and enhance the advantages of the advanced MPS
process as well as other laser-based/melt-mediated crystallization techniques. Furthermore,
it can potentially be utilized for making high-performance-enabling Si films for various
macroelectronic and microelectronic applications ranging from OLED TVs to 3D-ICs.




This thesis focuses on the crystallization of Si thin films for use in thin-film-based,
monolithically-fabricated three-dimensional integrated circuits. The goal of crystallization
for this application is to provide Si films that are of sufficient microstructural integrity to
enable high-performance microelectronics. In addition to the characteristics and quality
of the crystallized films themselves, the processing methods must be commensurate with
both volume manufacturing considerations and the high-temperature intolerant structures
and underlayers that are encountered in 3D-integration fabrication scenarios. To this end,
two primary crystallization approaches were presented and discussed, namely that of (1)
advanced sequential lateral solidification (SLS) and (2) advanced mixed-phase solidification
(MPS).
The advanced SLS scheme was carried out primarily via the directional-SLS processing
of prepatterned Si thin films. The goal of this work was to improve the apparent uniformity
of devices fabricated on films crystallized via the directional-SLS process, and was accom-
plished by physically confining microstructurally distinct regions within a narrow stripe of
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Si. By doing so, a stochastic distribution of crystallographic orientations within the de-
vice channel was created, and the uniformity was increased via an averaging effect. The
microstructure of the crystallized regions was found to be dependent on the width of the
Si stripe. Wider stripes exhibited morphologies consistent with those seen in continuous Si
films, whereas thinner stripes (those less than 2 µm wide) were found to contain a bi-crystal
microstructure. This was explained in terms of the enhanced cooling effect at the edges of
the stripe, which, in turn, leads to stabilized bi-crystal growth.
Due to the importance of laser crystallization in the field of large-area electronics and mi-
croelectronics, and the need to systematically eliminate various intragrain structural defects
to enable high-performance thin-film based devices, an effort was made to understand and
elucidate the fundamental twin formation mechanism in rapidly laterally solidified Si thin
films. In this effort, we performed microstructural analysis on dot-SLS processed films and
presented a model to account for the observed defect formation behavior in the previously
developed dot-SLS process. This particular method was chosen because of the fortuitous
combination of experimental conditions that allowed for the systematic evaluation of twin-
ning in laterally solidified Si thin films. Specifically, we proposed a ledge-nucleation-based
model whereby twins are initiated during ledge nucleation that takes place heterogeneously
at the Si/SiO2 interface. Furthermore, and as a result, the energetics associated with form-
ing these newly formed ledges are identified as being the overriding factor that determines
the formation (or the absence) of twins.
The advanced mixed-phase solidification method was proposed as a solution to the lim-
itations associated with the zone melting recrystallization technique. The concept was
introduced and initially evaluated by scanning initially amorphous Si thin films using a
CW-laser beam with a Gaussian profile. It was found that at sufficient intensities, a com-
pletely molten zone that was bounded by regions of coexisting liquid and {100} solids could
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be manipulated to induce limited directional solidification. By doing so, large, intragrain-
defect-free, (100) surface-textured grains were generated. The observed microstructure was
accounted for by performing a thermal distribution analysis on in situ data generated dur-
ing the melting and solidification process. While we view this particular crystallization
technique as being not fully satisfactory for use in three-dimensional integration (both in
terms of the microstructure of the resulting Si films and manufacturing-related considera-
tions), it enabled the development of a flash-lamp-based advanced mixed-phase solidification
approach.
Using a xenon-arc flash-lamp to irradiate well-defined regions was found to be a suitable
method for creating thin films with a sought-after set of microstructural characteristics. By
utilizing a contact mask, location-controlled {100} surface-textured regions were generated,
along with exceptionally long laterally grown grains. The appearance of these two different
regions was explained in terms of (1) the effect that the relatively long pulse duration had on
the lateral growth distance and associated nucleation kinetics, and (2) enhanced heat flow
from the edge of the exposed area into the cooler region beneath the contact mask, which
allowed for lateral solidification to be initiated from predominantly {100} surface-oriented
grains.
7.2 Suggestions for future work
This thesis addresses the need for a manufacturing-compatible crystallization approach
that yields Si thin films with suitable characteristics for three-dimensional integrated cir-
cuits. However, some questions and details still remain unresolved. Most importantly, a
true measure of the efficacy of the approaches outlined in this dissertation involves the
fabrication of devices within films crystallized via advanced sequential lateral solidification
and advanced mixed-phase solidification. Based on fundamental physical considerations,
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this work suggests that the films generated via the above methods should theoretically
provide enhanced-performance transistors that exhibit higher device-to-device uniformity.
Nevertheless, a systematic electrical characterization of components formed within such
films should be conducted before a large-scale manufacturing method can be reasonably
developed.
Another direction for future work is a more detailed analysis of the mechanism that
induces twin formation at the Si/SiO2 interface during rapid lateral solidification. Beyond
the basic understanding that the energetics at this interface play a vital role in the forma-
tion of twins, more details are worthwhile regarding the atomistic configuration and ledge
nucleation kinetics during solidification. Because of the importance of microstructures in
determining the properties and applications of the solidified films, a comprehensive under-
standing of the results in this work can provide valuable guidance to the development of
further intragrain-defect elimination crystallization techniques.
Finally, the results of the advanced mixed-phase solidification methods as described
in this thesis represent an area that can be further investigated via the use of numerical
computer simulations. The results of the CW-scanning technique presented in Chapter 5
and the flash-lamp-based approach detailed in Chapter 6 can potentially be evaluated, and
compared to, a numerical simulation model that considers changes in the thermal and radi-
ation properties of Si as a function of temperature. Such an approach would provide a more
effective and quantitatively consistent method to investigate a wide parameter window than
would be reasonably experimentally possible. Accordingly, the most significant variables
and parameters in the crystallization technique could be readily identified and subsequently
used for design optimization.
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Appendix A
Analysis of pulsed-laser-induced
melting of high-aspect-ratio Si rods
A.1 Introduction
One material configuration that has recently been receiving attention is high-aspect-ratio
single-crystal vertical semiconductor rods [109–115] (see Figure A.1). Such rods can form
the basis for fabricating 3-dimensional circuits (3D-ICs) within which small transistors are
efficiently and closely placed to form ultra-high-density low-power circuits. One of several
approaches being pursued to generate such a material is pulsed-laser-induced melting and
solidification of amorphous or polycrystalline Si rods embedded in a dielectric matrix (e.g.,
SiO2 and/or other materials) on a Si substrate. The ultimate aim in this approach is to
induce deep melting of these rods down to the single crystal substrate so as to promote
epitaxial re-solidification of the rods. The process can be identified as being technically
challenging as (1) the absorption can occur essentially only near the surface of the rods, (2)
typical pulse durations of high-power lasers are rather short, and (3) the extent to which




Figure A.1: Various semiconductor-rod-based approaches. (a) Ge
nanowire epitaxy grown by gold-nanoparticle-catalyzed chemical vapor de-
position [113]; (b) ordered array of 〈100〉-oriented Si nanorods via block
copolymer lithography [112]; (c) excimer laser annealing of Si nanowires
[109]; (d) vertically stacked twin-gate MOSFETs on a single Si nanowire
[115]
.
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In order to (1) systematically evaluate the effectiveness of the method under various ex-
perimental conditions and sample configurations, (2) assist in identifying and understanding
the essential factors that enable or limit the approach, and (3) optimize the implemen-
tation of the technique, we have conducted a numerical analysis of the process using a
3-dimensional heat-flow/phase transformation algorithm [116].
A.2 Description of three-dimensional numerical simulation
The numerical model used in this work was previously developed to investigate pulsed-
laser-induced rapid melting and solidification of continuous and pre-patterned films. Be-
cause melting and solidification is a highly-nonlinear process involving temperature-dependent
parameters, it is best handled via a numerical simulation. Extensive details of the simula-
tion package used in this work are presented elsewhere [116,117], but a brief description of
the model is discussed here.
A.2.1 Simulation algorithm details
The implementation of this model involves the subdivision of the system into a single
3-dimensional array of orthorhombic “nodes.” Materials can be independently specified for
each subregion of the sample, with each thermophysical property specified in the form of
temperature-dependent equations. Three-dimensional heat flow is calculated using a finite
difference scheme, solving the anisotropic heat equation
cP (φ, T )
∂T
∂t
= ∇ · (κT (φ, T )∇T ) + q̇L + q̇E (A.1)
where cP (φ, T ) and κT (φ, T ) are the respective phase and temperature dependent heat ca-
pacity and thermal conductivity, q̇L is the latent heat released/consumed at at an interface,
and q̇E is the heat generated by external sources (such as laser absorption). The simu-
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(a) 3d representation (b) side view
Figure A.2: Schematic diagram of the rods used in the simulation: (a)
3D representation and (b) side view of region investigated. Note: diagram
is drawn to scale (see Section A.2.2 for dimensions).
lation proceeds through a series of small time steps via the finite differences formulation,
calculating the laser energy deposition, phase evolution, and heat flow in each clock period.
A.2.2 Sample configuration and geometric parameter variation
The geometry of the rods was parametrically varied as follows: rod radius/separation
distance of 100–500 nm and rod height of 1–2 µm. The polycrystalline Si rods were arranged
in a square lattice pattern, embedded in a SiO2 matrix or other dielectric material, on top
of a crystal Si wafer. A schematic diagram of the Si rods is shown in Figure A.2. For all
simulations, the energy density was varied from the onset of melting up to the full-melting
threshold, in order to determine ECMT , the energy required to induce complete melting of
the rod down to the substrate.
A.2.2.1 Laser energy density normalization
Since the focus of this chapter is Si rods completely melted by the excimer laser pulse,
finding a consistent method to identify the energy density associated with the complete
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melting regime is a critical step for analyzing the simulations. It has been shown previously
that for continuous Si films, there exists an energy density corresponding to the complete
melting threshold (ECMT ), which separates the complete melting regime from the partial
melting regime [52]. We use an analogous convention here, whereby “ECMT ” corresponds
to the energy density threshold at which complete melting of the rod down to the substrate
is achieved (i.e., at an energy density below ECMT , some portion of the rod will remain
solid). Since one can easily identify whether or not the Si rods underwent complete melting
by investigating the simulation data, ECMT is used as a convenient unit to normalize the
laser energy densities throughout this work.
A.2.3 Variation of other sample parameters
In addition to varying the geometry of the rod height/spacing, several other parameters
were varied in order to further understand and identify the primary variables that effect
the approach. The laser pulse duration ranged from 30 to 300 nsec. The pre-heating
temperature of the substrate was varied from room temperature up to just below the melting
point of Si. Finally, the optical absorption coefficient of the dielectric material, α, was varied
from 0 to 0.5. The motivation for adjusting these parameters is discussed in Section A.3.3.
A.3 Simulation results
A.3.1 Geometric parameter variation
In order to evaluate the effect of changing the rod dimensions, a single laser irradiation
condition (specifically, a 75 nsec FWHM, 532 nm laser pulse) was used while the geometry
was varied parametrically. The results of geometry variation can be seen in Figure A.3. The
energy required for complete melting (ECMT ) is plotted on the vertical axis as a function of
the separation distance between the rods and rod diameter for three different rod heights.
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Several notable trends can be identified.
• In general, it is exceedingly difficult to induce deep melting of the rods using a normal-
incident pulsed-laser beam (which is evident by the high energy density values re-
quired).
• Shorter, wider rods that are spaced closer together are relatively easier to fully melt.
• Taller, thinner rods farther apart from one another require more energy, relatively, to
fully melt.
It is important to note that the energy density values required to induce complete
melting are unrealistically high, in fact well above the ablation threshold of Si. The effects
of boiling, ablation, and plasma formation were not taken into account in the simulation in
order to obtain a consistent set of results and decrease simulation time. Had these effects
been incorporated, the results would be quantitatively different, but qualitatively similar.
A.3.2 Thermal analysis of irradiated region during melting
The previous section dealt with the effect of changing the rod dimensions and separation
distance. We now focus on one “typical” case (rod height of 2.0 µm, rod diameter of 100
nm, separation distance of 200 nm) in order to elucidate the melting behavior of the rods
as well as the thermal characteristics during complete melting.
Figure A.4 shows the dependence of the melt depth on laser energy density. At energy
densities, no melting is induced anywhere in the rod. As the energy density is increased,
the first area to melt is the bottom of the rod. As the energy density is increased further
still, the top of the rod begins to melt as well, with the two solid/liquid interfaces eventually
meeting when the energy density reaches ECMT .
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(a) rod height = 1.0 µm
(b) rod height = 1.5 µm
(c) rod height = 2.0 µm
Figure A.3: Energy required for complete melting of the rod (ECMT ) as
a function of the separation distance between the rod and rod diameter for
rod heights of (a) 1.0 µm, (b) 1.5 µm, (c) 2.0 µm.
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Figure A.4: Melt depth as a function of laser energy density
In addition to determining the melting behavior of the rod, it is also important to
investigate the temperature distribution in the rod, matrix, and substrate. While the
aim of this technique is to achieve complete melting in the rod, (i.e., reach the melting
temperature of Si), it is crucial that the rod is not overheated as this could have deleterious
and damaging effects on the overall structure. Similarly, because these structures are being
investigated for 3D-IC applications, the process must not expose the underlying substrate
to elevated temperatures. Figure A.5 shows thermal profile images of the cross-section of
the sample undergoing laser irradiation. There are two salient points that can be gleaned
from Figure A.5: (1) both the rod-surface and substrate are severely overheated and (2)
the energy is deposited in a non-uniform fashion, leaving the middle region of the rod
significantly cooler than the top and bottom.
While complete melting of the rods is achieved in the above scenarios, the situation is
still undesirable. The combination of extremely high energy densities required to melt the
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(a) 10 nsec (b) 20 (c) 30 (d) 40 (e) 50 (f) 60 (g) 70
(h) 80 (i) 90 (j) 100 (k) 110 (l) 120 (m) 130 (n) 140
Figure A.5: Thermal profile images of the cross-section of the rod/SiO2
matrix/substrate in the simulation taken at (a) 10 nsec; (b) 20 nsec; (c)
30 nsec; (d) 40 nsec; (e) 50 nsec; (f) 60 nsec; (g) 70 nsec; (h) 80 nsec; (i)
90 nsec; (j) 100 nsec; (k) 110 nsec; (l) 120 nsec; (m) 130 nsec; and (n) 140
nsec, respectively.
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rods, as well as the unfavorable temperature distribution in the rods and substrate makes
the current irradiation scheme unfavorable. The next section discusses several potential
solutions to mitigate these effects.
A.3.3 Potential solutions to the standard irradiation case
In order to alleviate the unwanted and deleterious side-effects of the previously discussed
approach, several parameters in the simulation were modified. Typically, these adjustments
are implemented in excimer-laser irradiation schemes in order to reduce the energy density
required to achieve deep melting, as well as reduce the overheating of the sample. Specifi-
cally, the substrate temperature, pulse duration of the laser beam, and optical properties of
the oxide matrix were varied to determine what, if any, effect these variables had on ECMT
and the temperature distribution within the sample.
A.3.3.1 Substrate heating
In an attempt to lower ECMT , simulations were carried out to evaluate the efficacy
of pre-heating the substrate prior to laser irradiation. Figure A.6b illustrates how ECMT
varies with increasing the substrate pre-heating temperature. As can be seen, the complete
melting threshold is significantly reduced only when the substrate temperature is nearly
equal to the melting point of Si. For lower pre-heating temperatures, there is a slight to
moderate reduction of ECMT .
A.3.3.2 Pulse duration increase
Another typical approach to induce complete melting in thicker continuous thin films
is to increase the duration of the incident laser pulse. In the present simulations, the pulse
duration was varied from 30 nsec to 300 nsec. The effect of this variation on ECMT can be
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seen in Figure A.6a. A ten-fold increase in the pulse duration yields only a small reduction
in the energy required to induce complete melting.
A.3.3.3 Optical parameters
As seen in Section A.3.2, one of the main drawbacks of the standard irradiation scheme
was the uneven thermal profile of the rods and surrounding matrix. Pure SiO2 is virtually
transparent to the incoming laser beam [119] which allows the laser energy to penetrate
(unabsorbed) into the exposed area of the substrate. In an effort to counteract this effect,
one can modify the optical absorption properties of the matrix. By doing so, the dielectric
matrix can absorb a portion of the incident energy, which, in turn, would allow more efficient
heating of the rod along its length, as well as limit the energy absorbed by the substrate.
Figure A.6c shows the dependence of ECMT on the absorption coefficient, α, of the dielectric
matrix. The absorption coefficient was varied from 0 (where the skin depth, d = 1α = ∞)
to 0.5 (where d = 2.0 µm, the height of the rod). There is a substantial decrease in the
energy required for complete melting with minor changes in the absorption coefficient.
While all of the above modifications do offer potential gains in lowering ECMT , they
are only marginally and incrementally effective, and are typically viewed as being not
manufacturing-ideal. In order to substantially change the situation, a more strategic level
solution is required.
A.3.4 Strategic improvement: tilted irradiation
Based on the above results, it can be seen that in order to drastically reduce the energy
required to induce complete melting and avoid the uneven temperature distribution in the
middle regions of the rod, it is necessary to uniformly deposit the energy along the entire
length of the rod. One straightforward method to achieve this is via tilted irradiation. This




Figure A.6: Effect on ECMT by varying (a) pulse duration of laser irradi-
ation, (b) pre-heating temperature of the substrate, (c) optical absorption
parameters of the dielectric matrix for rod height of 2.0 µm, rod diameter
of 100 nm, and a separation distance of 200 nm.
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Figure A.7: Effect on ECMT by increasing the laser irradiation tilt angle.
can be accomplished by either tilting the incoming laser beam with respect to the normal
axis of the rod or tilting the sample with respect to the laser beam. The effect on ECMT
by varying the laser irradiation angle from 0 to 15◦ is depicted in Figure A.7. A substantial
decrease in ECMT is achieved with a relatively small angle of tilt.
In addition to lowering the energy density required for complete melting, tilted laser
irradiation drastically modifies the thermal profile evolution of the rod. Figure A.8 shows
the thermal profile evolution of the sample undergoing tilted irradiation. It can be seen
that the rod is uniformly heated throughout its depth, while the surface of the rod and
substrate are not overheated. In Figure A.9, we observe that when the rod is successfully
completely melted, epitaxial regrowth commences from the single crystal substrate.
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(a) 10 nsec (b) 20 (c) 30 (d) 40 (e) 50 (f) 60 (g) 70
(h) 80 (i) 90 (j) 100 (k) 110 (l) 120 (m) 130 (n) 140
Figure A.8: Thermal profile images of the cross-section of the rod/SiO2
matrix/substrate undergoing complete melting via tilted laser irradiation
(15◦ from the normal to the rod axis) taken at various times during the
simulation: (a) 10 nsec; (b) 20 nsec; (c) 30 nsec; (d) 40 nsec; (e) 50 nsec;
(f) 60 nsec; (g) 70 nsec; (h) 80 nsec; (i) 90 nsec; (j) 100 nsec; (k) 110 nsec;
(l) 120 nsec; (m) 130 nsec; and (n) 140 nsec.
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(a) 60 nsec (b) 70 (c) 80 (d) 90 (e) 110 (f) 300 (g) 500 (h) 700
Figure A.9: Solid and liquid phase development of a Si rod undergoing
tilted irradiation. Melting begins at the top surface of the rod and pro-
ceeds downwards (red color corresponds to liquid). Once complete melting
is achieved, (e), epitaxial regrowth commences from the single crystal sub-
strate (blue color corresponds to solid). Shown are phase diagrams gener-
ated at (a) 60 nsec; (b) 70 nsec; (c) 80 nsec; (d) 90 nsec; (e) 110 nsec; (f)
300 nsec; (g) 500 nsec; and (h) 700 nsec during the simulation.
A.4 Discussion
A.4.1 Geometric parameter variation
As seen in Figure A.3, extremely high energy density values are required to completely
melt the rod down to the substrate; a result that is not unexpected. The combination of
near-surface heat absorption in the rods, and the radial heat loss of these small thermal mass
structures into the colder matrix severely limits the vertical extent to which the rods can be
reasonably melted and solidified. The fact that shorter, wider rods that are spaced closer
together are relatively easier to completely melt is also explained by the above thermal
considerations. The densely packed, wider rods have more thermal mass relative to the
cold matrix, thus making them relatively more efficient at retaining heat generated from
the laser pulse. Additionally, shorter rods require less vertical absorption to completely
melt down to the substrate. The opposite is true for tall, thin rods farther apart from one
another.
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Focusing on the melting behavior of one specific geometry (seen in Figure A.4), it is
evident that as the energy density is increased to a sufficient level, the first region of the rod
to melt is the bottom. Upon first examination, it would appear that this result is counter to
what is typically encountered in excimer laser irradiation of thin films, namely that the top
of the film is the first area to melt. However, examination of Figure A.5 explains this result.
At low fluences, the top of the rod is absorbing only a small fraction of the incident laser
energy, due to the small cross-sectional area of the rod. For this reason, the top of the rod is
exceedingly melt-resistant and can only be converted to liquid at very high energy densities.
However, because the SiO2 matrix is virtually transparent to the laser beam, the substrate
is absorbing a significant fraction of the energy. As a result, the substrate undergoes severe
overheating (enough, in fact, to cause damage). Subsequently, the heat from the exposed
area is gradually transferred to the bottom region of the cold rod eventually causing this
area to melt.
A.4.2 Incremental solutions to the standard irradiation case
Increasing the pulse duration of the incident laser in order to mitigate the situation was
presented in Section A.3.3.2. As seen in Figure A.6a, a substantial increase in the pulse
duration yields a relatively small decrease in the energy density required to induce complete
melting. This can be explained as follows. The characteristic thermal diffusion length is
proportional to
√
Dt, where D is the thermal diffusivity and t is the pulse duration. Thus, an
increase of the pulse duration by an order of magnitude results in roughly a 3-fold increase
in the thermal diffusion length. In the standard irradiation case,
√
Dt is already very small,
and this slight increase is insufficient to significantly lower ECMT . From a practical and
technological standpoint, typical pulse durations of high-power lasers are rather short. As
such, increasing the pulse duration cannot be viewed as a viable solution to achieve deep
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melting.
In another effort to reduce ECMT , the effect of increasing substrate temperature was
investigated. It was shown that in order to significantly reduce the energy density required
for complete melting, the substrate temperature had to be raised to nearly that of the
melting point of Si. In general, the transition from solid to liquid requires not only enough
energy to raise the temperature of the solid to the melting point, but additional energy
to overcome the substantial heat of fusion of the material in order to convert the solid to
liquid. In the present case, the incident laser irradiation raises the temperature of the Si
rods relatively easily. However, a significant amount of the incident energy is required to
overcome the barrier to melting. Thus, only by substantially pre-heating the substrate is
any reduction in ECMT achieved. Because such extreme substrate temperatures are needed
to lower ECMT an appreciable amount, this method is not recommended for the fabrication
of 3D-ICs as sustained elevated temperatures will damage the underlying device structures.
Finally, the optical properties of the dielectric matrix were varied in order to create a
more thermally insulating environment to prevent rapid heat loss out of the rods as well as
protect the substrate from overexposure to the incident laser energy. Figure A.6c shows a
significant reduction in ECMT with increases in the absorption coefficient. While this can be
seen as beneficial, the top of the rod is still being exposed to a relatively large fraction of the
incoming irradiation and the potential for damage is high. From a fabrication perspective,
the absorption coefficient of the matrix is typically adjusted by either changing the dielectric
matrix or creating alternating layers of different materials. Both of these approaches add
further complexity to the manufacturing process.
As can be expected from the heat-diffusion and latent-heat related considerations given
in the above analysis, modifying the pulse duration, substrate preheating temperature,
and/or the optical properties of the dielectric matrix, lead to marginal improvements. In
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order to achieve deep-melting throughout the rod as well as avoid substrate/rod damage, it
is necessary to engineer the deposition of the beam energy uniformly along the sides of the
rods throughout the depth. As mentioned in Section A.3.4, this can be achieved via tilted
irradiation.
A.4.3 Tilted irradiation benefits
Performing tilted irradiation (as opposed to normal-incident irradiation) can potentially
offer three advantages.
1. The method avoids substrate overheating.
2. The deposition of a significant amount of the energy in a strategically beneficial loca-
tion, namely, along the sidewall of the rod.
3. A significant reduction in the energy density at the rod surface while keeping the
fraction of energy deposited the same.
Considering the geometry of the sample, as the angle of incident irradiation is increased
with respect to the sample an increasing fraction of the energy is deposited upon the sides
of the rod. Consequently, a decreasing relative amount of the incident energy is directly
irradiating the substrate. The rods are effectively acting as a “shadow” and absorbing
the energy before it can reach the substrate. This leads to a substantial reduction in the
maximum temperature reached by the substrate, as seen in Figure A.8. The fact that the
energy is being absorbed along the sides of the rods is also precisely what is needed to
mitigate the high values of ECMT encountered in the vertical incident irradiation scenario.
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A.4.4 Technological implementation of tilted irradiation
Given that in the tilted irradiation scheme the rods effectively shadow the substrate
from the incident irradiation, one can calculate the optimal tilt angle given the dimensions
and arrangement of the rods. The optimal, or critical angle (θC) is the one that allows none
of the incident irradiation to illuminate the substrate, while still illuminating the bottom of
each rod. If θ is small, (i.e., the irradiation is only slighted tilted with respect to the surface
normal), a significant amount of energy is still deposited on the substrate as illustrated in
Figure A.10a. Conversely, if θ is large (as depicted in Figure A.10b), most of the incident
energy is irradiating only a portion of the side of the rod, and deep melting is difficult
to achieve. When θ = θC , the adjacent rod acts to shadow the entire substrate region in
between rods while still allowing the direct illumination of the bottom of the rod. In this
way, the entire rod is heated uniformly along the depth, allowing for full-melting at lower
laser energy densities. (Note: the effects of refraction, which were taken into account in
the simulation, have been omitted from this schematic depiction for the sake of simplicity.
These are discussed below.)
Of course, θC depends on the overall geometry of the sample. For the simple case
presented here (i.e., a square lattice of regularly spaced rods), the optimal irradiation angle,
θopt, to achieve maximum efficient energy deposition can be determined based on the height
of the Si rods, h, the width between adjacent rods, w, and the indices of refraction of the
environment and optical dielectric, n1 and n2, respectively. These parameters are shown in
















Figure A.10: Schematic diagram of the effect of tilt angle on the location
of incident laser energy (a) θ < θC , (b) θ > θC , (c) θ = θC . Note: the
effects of refraction are not shown here.














There are several straightforward solutions that can be implemented in a manufacturing
environment that would enable tilted irradiation. While the effect can be achieved by
tilting either the sample or the incoming irradiation, the former is not ideal as it would
be technically challenging to perform in a large-area electronics environment. A more
attractive option is that of altering the angle of the laser beam that is incident upon the
rods/substrate. This can be achieved via optics in the path of the laser beam to modify the
existing numerical aperture of the beam. Using this method, it would be possible to irradiate
the sample at the critical angle, θC . Along these lines, there have recently been advances
in the photovoltaic industry using optical gratings to modify the angle and distribution of
incoming sunlight. It should be noted that the current simulation modeled tilted irradiation
from one side only. The above methods may improve the situation by allowing for tilted
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Figure A.11: Schematic diagram for the determination of θopt with the
effects of refraction taken into account. n1 and n2 are the indices of refrac-
tion of the ambient and dielectric matrix, respectively. The laser is incident
on the sample with angle θopt and gets refracted to the critical angle, θC ,
for maximum energy deposition along the side of the rod.
irradiation of both sides of the rod, thus reducing the energy required for complete melting
further still.
A.5 Summary
The melting and subsequent epitaxial solidification of high-aspect-ratio Si rods represent
one potential avenue to generate 3D-IC-enabling material. In this chapter, we investigated
the melting behavior of high-aspect-ratio Si rods undergoing pulsed laser irradiation via a
three-dimensional numerical computer simulation. The results reveal that it is exceedingly
difficult to induce deep melting of the rods using a normal-incident pulsed-laser beam. In
particular, the combination of near-surface heat absorption in the rods, and the radial
heat loss of these small thermal mass structures into the colder matrix severely limits the
vertical extent to which the rods can be reasonably melted and re-solidified. As can be
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expected from heat-diffusion and latent-heat related considerations, modifications to the
pulse duration, substrate temperatures, and/or optical properties of the dielectric matrix
lead to only marginal improvements. We have shown that deep melting can be readily
accomplished by engineering the deposition of the beam energy along the sides throughout
the depth. Specifically, non-normal incident irradiation was investigated to achieve this
favorable energy deposition profile. In addition, technical approaches for accomplishing such
a task were discussed, as well as solutions to the issues involving overheating/evaporation
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